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ABSTRACT 
 
In this thesis the procedures for qualifying fiberglass pipes are discussed in relation 
to industry needs. The ultimate elastic wall stress (UEWS) test appears to provide an 
efficient means of rating pressure pipes, and indeed vessels, for cases where weepage 
failure occurs resulting from the accumulation of matrix cracks.  The principle 
behind the UEWS test is to identify from stress-strain response, a stress level below 
which damage growth is either negligible or at least sufficiently low to avoid failure 
within the design life.   
An experimental investigation into the UEWS of ±55⁰ filament wound composite 
pipes has been conducted under various load and environmental conditions. The 
pipes were subjected to biaxial loading, which was achieved by a combination of 
hoop and axial stress loading. Loads were applied as groups of 10 one-minute 
pressure cycles, recording the hoop or/and axial strain. These pressure groups were 
gradually increased until the UEWS had been determined. Various ratios of hoop to 
axial stress were applied, ranging from pure axial to pure hoop loading at room 
temperature, 65⁰C and 95⁰C. These ratios were investigated by applying different 
pressures in both the main and small chambers built inside the pipe, and therefore it 
was unnecessary to add external load to the pipe wall. Tests were stopped at the first 
observed leakage through the pipe wall. 
The UEWS test appears to provide an attractive alternative to the currently used 
procedure laid down in ISO 14692. This involves an expensive series of long term 
constant pressure tests described in ASTM 2992, running for over 10,000 hours. It is 
shown here that the UEWS test reflects the cyclic fatigue behaviour of fiberglass 
pipe, but further work on the relationship between cyclic and static behaviour is 
needed.  
The test results are presented in the form of UEWS and failure envelopes showing 
the effects of testing at elevated temperature, and the degradation in pipe properties 
as the test progressed. Acoustic emission examinations were also conducted to detect 
damage development in the GRE pipes during the tests, allowing its compatibility 
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with the UEWS test to be assessed. Four different types of failure mode were 
observed according to the loading conditions.  
It has been shown that a Miner‟s Law approach is effective in modelling damage due 
to combined static and cyclic effects, and that damage can be directly related to 
matrix crack growth. This approach could form the basis of future procedures for 
describing the lifetime behaviour of GRE pipes under any required combination of 
static, fatigue, hydrostatic and non-hydrostatic (multi-axial) loading. 
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1 CHAPTER 1  
INTRODUCTION 
 
Filament wound glass fibre reinforced epoxy (GRE) pipes are being increasingly 
used in a wide range of applications, such as high pressure containers and long 
distance piping. GRE pipes are used in the petrochemical and oil industries due to 
their superior corrosion resistance and high strength to weight ratio [1]. The use of 
GRE composite pipes has supplanted that of steel casings in many cases due to the 
former‟s relatively low cost. This has encouraged researchers to develop and carry 
out experimental and theoretical investigations in order to understand their 
mechanical and failure behaviour under a variety of load and environmental 
conditions[2]. 
The structure of filament wound composite pipes is mainly based on fibre and resin.  
Fibres are used as a reinforcing material and resin bonds the fibres together and 
keeps them in the proper position. Resins furthermore protect the fibres from 
mechanical and chemical damage such as abrasion and chemical corrosion. The most 
common reinforced fibres are made of glass, carbon, and aramid due to their low cost 
and good strength. Other types of fibre used in industry include those made of nylon, 
polyester and polyethylene. 
The most common polymers used in filament wound composite pipes are vinyl ester 
and phenolic resins, which are cheap and exhibit good durability. Vinyl ester is 
preferred in many applications due to its advantages of water resistance and high 
mechanical strength, but it is about twice as expensive as polyester and therefore is 
used only when high performance is required. Epoxy resin is superior in term of 
durability, but the relatively high cost limits their use. Other types of resins, such as 
ploythersulphones and polyetherimides are also used in industry where toughness 
and stability at high temperature are required.  
The stress-strain relationships of composite materials are predominately linear and 
then non-linearity occurs close to final failure. The non-linearity is significantly 
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increased by damage such as matrix cracking, delamination and yielding . Nahas and 
et al (1984)  [3] reviewed several methods for the analysis and modelling of the non-
linear behaviour of laminated reinforced composite materials, and Sun and Tao 
(1998) [4] modelled the stress-strain behaviour of composite laminate by considering 
both the material‟s non-linearity and progressive matrix cracking. Roberts et al 
(2002)  [5] modified laminate theory by introducing the influence of matrix 
microcraking on stiffness and strain.  J. Wang et al (2007)  [6] simulated the stress-
strain curve of non-tube composites under cycle loading conditions and found that 
the non-linear elasticity of samples under compression cycles showed local 
deformations which occurred before global buckling is recovering upon first 
unloading.  
The endurance of filament wound pipes under biaxial loading has been investigated 
by many researchers in order to understand the failure mechanisms and modes under 
a variety of load and environmental conditions. The most common type of failure is 
due to fatigue. This occurs when alternating loads are applied to the component, and 
it can plotted against the number of cycles up to failure in order to build up a fatigue 
curve. This graph is also called S-N curve, and is usually plotted in a logarithmic 
scale.  
Owen et al (1972)  [7] was one of the earliest studies of the fatigue behaviour  of 
glass reinforced plastic under tensile and fatigue loading. Smith et al (1989) [8] 
implemented a number of experiments testing glass/polymer cruciform specimens. 
They found that failure was based on three modes; rectangular cracking, shear 
failure, and mixed mode failure. Fujii and et al (1996) [9] proposed a model based on 
stiffness degradation for multiaxial life prediction. Adden and Horst (2009) [10]  
introduced a model based on ply-by-ply stiffness degradation to evaluate fatigue 
damage under multiaxial loading.    
In fact there are many methods available used to analyse the fatigue and failure 
mechanisms of composites, the most common being the ply by ply and sudden 
failure methods. In terms of composite pipes, weepage is the definitive type of 
failure, and complete failure is rarely noted when pipes are exposed to pressure 
loading. 
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The behaviour of fibre reinforced composites is quite complicated because it is not 
only anisotropic but also exhibits non-homogeneity. This leads to a variety of failure 
mechanisms in composites. For example, GRE pipes subjected to pure hydrostatic 
pressure can develop matrix cracks, and then the plies may delaminate or fibres can 
debond from the matrix, whereas fibres under pure hoop loading will debond from 
the matrix and then break due to buckling [6]. Pipes tested under a variety of biaxial 
loading conditions failed at different strengths in the axial and hoop directions; 
consequently a symmetrical biaxial failure envelope will be constructed which shows 
the pipe stiffness at these load ratios. The biaxial failure envelope is a graph of axial 
failure strength versus hoop failure strength, and the envelope‟s shape is significantly 
affected by winding angle and temperature. Hale et al (2000) [11] investigated the 
effect of hot and wet conditions on the behaviour of the failure envelope for 
fibre/glass tubes under biaxial loading.  
Since the use of GRE pipes has extended to the inshore and offshore applications, the 
qualification and requalification of products to define the working pressure for long 
periods of time has become a primary concern for researchers. Currently, the ISO 
ASTM D2992 standard is used to predict the maximum service pressure for GRE 
pipes. The standard describes the method used to establish a regression line to predict 
long term allowable stress [12]. The hydrostatic design basis (HDB) is a method used 
to reconfirm the product, and is needed when any change is made to materials, 
manufacturing processes, construction, and liner thickness or fitting design. In the 
HDB test, the product is subjected to 1,000 hours of hydrostatic pressure based on 
the 1,000 hour lower prediction limit (LPL) of the regression line obtained from 
ASTM D2992. 
While acknowledging the benefits of the current HDB reconfirmation method based 
on regression analysis, the need among manufacturers for more rapid and effective 
method of monitoring changes in product quality has become imperative. The 
ultimate elastic wall stress (UEWS) method currently provides an attractive 
alternative method due to its advantages of test speed. The UEWS test takes only a 
few hours to perform compared with the 1,000 hour HDB reconfirmation procedure, 
and the UEWS appears to be very sensitive to changes in key manufacturing and raw 
material parameters.  
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The main purpose of the present work is to establish a new method for pipe 
requalification in rapid. The UEWS test enables the stress-strain response of the 
pipes under biaxial loading to be studied, allowing the maximum stress level in the 
elastic zone to be defined. Furthermore, the UEWS test provides a realistic statistical 
approach to establishing a long-term pressure rating when there is a slow 
deterioration of properties. 
The present study conducts a series of UEWS tests for ±55⁰ filament wound 
composite pipes under biaxial loading with a variety of load conditions. The results 
are then presented in the form of a UEWS envelope showing the effects of testing at 
elevated temperatures. This is the first time that the strength envelope of GRE pipes 
has been fitted in term of the elastic limit. 
The relevant literature is thoroughly reviewed in chapter two of this thesis, which 
starts with a discussion of fibre and resin types and composite applications. The 
second part explains the stress-strain relationship and the failure behaviour of 
composites, as well as the factors influencing the fatigue behaviours. Failure 
assessment is discussed in the third part of this chapter, including microscopy and 
acoustic emission monitoring techniques. Finally the modelling of failure behaviour 
and failure envelopes are reviewed. 
In the third chapter, the experimental procedure is described including pipes 
specification rig design and UEWS test, as are the tensile and 100s creep tests. The 
acoustic emission and microscopy analysis conducted then is explained. Fibreglass 
pipe qualification and lifetime modelling are the main topics of chapter four, 
including the modelling of the stress-strain relationship and elastic modulus 
degradation. In chapter five the UEWS results, tensile and creep test results, 
microscopy analysis of the failed sample, and UEWS envelopes are presented. 
Chapter six presents the acoustic emission results of GRE pipes under pure 
hydrostatic, pure axial and pure hoop loading. Modelling results are also included in 
chapter six and show the approach of using Miner‟s law to predict the stress-strain 
relationships, elastic modulus degradation due to increasing matrix crack density, 
and failure envelopes. Finally, the conclusions of the study and recommendations for 
future work are discussed in chapter seven. 
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2 CHAPTER 2  
LITERATURE REVIEW 
 
2.1 Applications of composite materials 
Composites offer a wide range of characteristics suitable for many design 
requirements due to their advantages of cost, weight to strength ratio and chemical 
resistance. Thus composites have found many applications, such in the 
transportation, marine, civil infrastructure, and petrochemical industries. Moreover, 
composites are used in onshore and offshore applications both topside and subsea. 
Figure 2.1 shows the Holly, South Ellwood Field offshore platforms where 
composites are used  [13]. 
 
Figure 1 Offshore Platform Holly, South Ellwood Field, CA. 
Figure 2.1. The use of composites in offshore applications. Offshore Platform Holly, 
South Ellwood Field, CA. 
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The most common polymers used in industrial applications are vinyl ester and 
phenolic resins, due to their low cost and good durability. Vinyl ester is preferred in 
many applications due to its advantage of water resistance and high mechanical 
properties. However, vinyl ester is about twice as expensive as polyester resin, and 
therefore it is used only for specific high performance requirements. Other types of 
resins, such as epoxies, polyethersulphones and polyetherimides are also used in 
industry. Table 2.1 compares the most common resins available in the industrial use.  
Table 2.1 The most common types of resins in terms of mechanical and fire 
performance properties as well as cost, source Gibson (1989) [14].  
Resin Mechanical 
integrity 
Low smoke & toxicity in 
fire 
Cost 
Polyester **** * *** 
Vinyl ester ******* * ****** 
Epoxies ********* * ********* 
Phynolic ***** **** **** 
Mod.Acrylic **** ******* **** 
Table 1 Mechanical and fire performance properties and cost for different types of resin 
One of the most important fields where composites are widely used is transport and 
storage fluid applications. Glass reinforced epoxy (GRE) is the most common 
composite used in low and high pressure piping for a wide variety of fluids. 
However, in onshore applications, GRE pipes used to carry oil and fresh and sea 
water over long distances, due to not only the advantages mentioned above, but also 
due to their ease of handling and repair. Figure 2.2 shows the use of GRE pipes in the 
petro chemical industries. Tanks and vessels are one of the useful usages of their 
composite due to its excellent manufacturability.  
 Composites have also recently been used in lining metal pipes in order to minimize 
the effect of the surrounding media, as well as to prevent possible corrosion from 
taking place. Until a decade ago the main method of pipeline repair was based on 
welding or the complete replacement of damaged pipes with new ones. This takes a 
huge amount of effort and long operational periods starting from excavating the 
ground before the replacement process.  However, composites can now be applied as 
thin cross section liners made from resin impregnated glass fibre woven so as to 
cover particular damaged areas, in a technique called „cure in place pipe‟ (CIPP) 
[15]. CIPP is preferred due to the advantages of low cost, ease of installation and the 
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fact that repairs can be conducted without shutting down the plant. Figure 2.3 shows 
the repair process for a steel pipeline. 
 
 
Figure 2 Use of GRE pipes in the petrochemical industries 
Figure 2.2 Use of GRE pipes in the petrochemical industries 
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Figure 3 Use of composites for pipe repair 
Figure 2.3. Clockspring being applied offshore to externally corroded pipe. 
Application involves first cleaning the surface and filling external pits or damage, to 
allow stress to be transmitted from the pipe to the repair. Following this, the 
clockspring laminate is wound around the pipe while being coated with adhesive 
which is allowed to cure. 
 
2.2 Glass reinforced epoxy pipes (GRE) and their manufacture 
The use of GRE composite pipes has supplanted that of steel casings in many cases 
due to their low cost. Filament winding is the method most commonly used to 
produce GRE pipes. The reason for this relates to high fibre constants and hence high 
levels of mechanical properties can be achieved. Filament winding is an accurate 
process, ideally suited to the precise and consistent production of the pipes. 
Furthermore, the winding angle can be adjusted to give the required balance of hoop 
and axial properties. Depending on the assumptions made, the optimum winding 
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angle for pipes subjected to pure hydrostatic pressure is ± 55
 
 according to Natting‟s 
analysis [16]. 
2.3 Filament winding process 
The pulled fibres are impregnated with a resin and wound on to rotating mandrel, 
which should be coated with a wax release agent before the winding process. The 
winding angle   is achieved by the relative speed of the lateral movement of the 
winding head and mandrel. Fibre bundles should be wound in such a way that the 
mandrel is completely covered and the product has constant wall thickness. After 
finishing the winding process, the compound on the mandrel is allowed to cure and 
post-cure at the lowest possible temperature to release the thermal and residual 
stresses. In the final stage of the manufacturing process the cured pipe is removed 
from the mandrel. Figure 2.4 shows a schematic diagram of a filament winding 
machine. 
 
Figure 4 filament winding machine 
Fig. 2.4.  Schematic diagram of a filament winding machine.  Fibres are drawn from 
a roving supply through a resin bath. The wetted roving is led through the guidance 
eye and laid on the rotating mandrel at a precisely predetermined angle. 
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2.4 Material used in GRE pipes   
The composition of filament wound pipes is mainly based on fibre and resin. There 
are many types of fibres used as reinforcing material, the most common being glass, 
carbon, and armed. Other types of fibre are used in industry, including those made of 
nylon, polyester, and polyethylene. 
2.4.1 Glass fibre 
Glass fibres are normally produced by the melting of silica sand, limestone fluorspar, 
boric acid, and clay. Other types of fibre can be produced with significant variations 
in properties by using different processes and varying the properties of the raw 
material. For example, electric grade glass fibre (E-glass) has good electrical, 
mechanical and chemical properties. Furthermore, E-glass fibres are available at very 
low cost compared with other products, and therefore, E-glass is commonly used in 
many applications. On the other hand, carbon glass (C-glass) has high chemical and 
corrosion resistance; and therefore it is often preferred for the inner resin-pipe lining 
in the manufacturing of GRE pipes. Silica (S-glass) has higher mechanical properties 
than C and E-glass fibres, and for this reason is used in high pressure pipes, but is not 
preferred for low or medium pressure pipes because of its relatively high 
expense[17]. 
2.4.2 Aramid fibres 
Aramid fibres are basically formed from aromatic polyamides. The polymers are 
spun from a strong acid solution (concentrated H₂SO₄), by a dry jet wet spinning 
process. The polymer is produced by adding acid chloride to an amine solution in 
cool media, and then, the clean polymer is mixed with strong acid at an elevated 
temperature to form the filament. Several types of aramid fibres are available, with 
different names such as Kevlar, Twaron, and Technora. Three types of modified 
Kevlar fibres are also available: Kevlar 29, 49, and 149. Although Kevlar fibres have 
excellent scraping resistance, their usage is still limited due to low compression 
performance. 
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2.4.3 Carbon and graphite fibres    
The term graphite is used to describe fibres that have a carbon content in excess of 
99%, whereas, carbon fibres have a carbon content of 80-95%. The technology for 
producing carbon fibre is based on thermal decomposition of various organic 
precursors. Carbon and graphite fibres are the predominant high-strength high-
modulus reinforcements. 
2.4.4 Boron fibres 
Boron fibres are produced by chemical vapour deposition (CVD) from the reduction 
of boron trichloride (BCL3) with hydrogen on a tungsten or carbon monofilament 
substrate [17]. By heating up the substrate to an elevated temperature of 1260⁰C, it is 
pulled through the reactor to obtain the desired thickness of boron coating. Today 
boron filaments are produced with diameter 100, 140, and 200μm. Boron-tungsten 
filaments have good tensile strength, which can be increased by etching away part of 
the outer portion of the filament. 
2.4.5 Other types of fibre 
The high-temperature reinforced fibres can be produced by developing ceramic 
fibres, which have high strength and high elastic modulus with high temperature 
capability. Among the most important ceramic fibres are aluminium and silicon 
carbon fibres. Another fibre introduced by the Allied Chemical Corporation (ACC) is 
named organic spectra 900 fibre. This is an ultra high molecular weight fibre 
produced by solution and gel spinning. This fibre‟s most important property is that it 
can have a very small diameter of 30 μm. However, the melting point of 150⁰C is a 
major limitation in most applications [17] . 
2.5 Resin systems 
The resin system or matrix in composite materials has several tasks. Firstly to bond 
the fibres together and keep them in the proper position are the main tasks of the 
resin. Secondly, it is used to transfer and distribute loads to the fibres as well as 
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protect them from mechanical and chemical damage such as abrasion, and chemical 
corrosion. 
Therefore, such a resin should have specific properties to carry out these taskswhich 
can be listed as follows: 
High adhesive strength to the fibres. 
Enough elasticity to be able to transfer loads to the fibres 
Good mechanical and chemical properties. 
Good heat conductivity, and moisture resistance. 
Polymers are classified into two main types, thermosetting and thermoplastic, 
according to the effect of heat on their processing and properties. 
2.6 Thermosetting resins 
Thermosetting polymers are formed from a chemical reaction between resin and a 
hardener (catalyst) in a non reversible molecular cross-linking process to form tightly 
bound rigid products. The behaviour of the molecular structure of thermosetting 
resins is changing from solid glassy polymer to amorphous polymer. The majority of 
filament wound composite pipes are made from four main resin types: epoxy, 
polymer, vinyl ester, and phenolic ester resins. 
2.6.1 Epoxy resin   
Different types of epoxy resins are available for industrial use. The most commonly 
used in filament wound pipes is diglycidyl ether of bisphenol A (DGEBA), which is 
produced by the reaction of epichlorohydrin with bisphenol A in the presence of 
sodium hydroxide as shown in figure 2.5 [18].  
For filament winding purposes, polymers with low viscosity are preferred, while 
polymers with higher viscosities are used as adhesives due to their high stability. The 
properties of cured epoxy resin depend on the chemical composition of its epoxy 
polymer, which could be improved as well as the curing agent molecule. Epoxy 
resins are superior to other polymers with regard to their adhesive properties and 
chemical and moisture resistance. 
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Figure 2.5. Reaction of epichlorohydrin with bisphenol A in the presence of sodium 
hydroxideto produce diglycidyl ether 
 
2.6.2 Polyester resin 
The two general types of polymer resins are orthophthalic and isophthalic. The latter 
is frequently preferred in industrial applications, such as the marine and oil industries 
due to its high water and chemical resistance, figure 2.6 shows its chemical structure. 
Orthophthalic polymer resins are used as standard inexpensive resins for general 
purposes, because of their low cost compared with other resins. It is therefore 
preferred in structural applications where corrosion resistance is not a priority. 
 
Figure 6 Chemical structure of a typical isophthalic polyester 
Figure 2.6   Idealised chemical structure of a typical isophthalic polyester [19]. 
 
Figure 5. Chemical reaction to produce diglycidyl ether  
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2.6.3 Vinyl ester resin 
The molecular structure of vinyl ester polymers is similar to polymer resins; the 
former, however, cost rather more. Vinyl ester resin lies mid-way in properties 
between polymer and epoxy. Its high corrosion resistance allows vinyl ester to be 
used where chemical and environmental resistance is needed. Furthermore, vinyl 
ester resins have good mechanical properties of strength and stiffness at elevated 
temperatures. For these reasons, they are frequently found in applications such as 
chemical storage tanks and pipe line systems [20]. 
2.6.4 Phenolic resin 
Phenolic resins have  good mechanical properties at elevated temperatures and also 
low smoke emission which makes the superior for use in fire sensitive applications 
such as fire water piping [21]. The incompatibility of bonding to certain fibre 
products is a common problem with phenolic resins, however. Some of the problems 
with phenolic resins have been overcome by the development of siloxane  modified 
phenolic alloy (PSX) (by Ameron International) which improves its bonding 
properties [22]. The two types of phenolic resins are named resoles and novolacs. 
The novolac resins are produced by the chemical reaction of formaldehyde with an 
excess of phenol in the presence of an acid catalyst, as shown in figure 2.7.  
 
 
 
 
 
 
Figure 2.7. Reaction of formaldehyde with an excess of phenol in the presence of an 
acid catalyst to produce novolac 
Figure 7 Chemical reaction to produce novolac 
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This reaction is achieved at 160⁰C with the blending of hexamethylene and 
teteramine. This makes the bond decompose and form the formaldehyde to novolac  
[23]. 
Resole phenolic resin is formed by the chemical reaction of phenol and an excess of 
formaldehyde in a rich alkaline catalyst. The cross-linking via the methylol group 
occurs by heating up the resin to a certain temperature as illustrated in figure 2.8. 
 
 
 
 
 
 
Figure 2.8. Reaction of phenol with an excess of formaldehyde in the presence of an 
alkaline catalyst. 
 
2.7 Thermoplastic resins 
Thermoplastic resins are not cross-linked, as are thermosetting resins. They derive 
their strength from the inherent properties of their monomer units and high molecular 
weight, which act as cross-links due to high molecule concentration. Thermoplastic 
resins are soft and melt upon heating, and returning to hard condition again with 
cooling. They could also be classified as anisotropic materials, depending on 
conditions during solidification. In addition to their high failure strains, they also 
have good chemical resistance. On the other hand, the processing of thermoplastic 
composites is more difficult than that of the thermosetting type, because of their high 
viscosity [16]. There are several types of thermoplastic resins classified according to 
their chemical structure into a number of groups, such as styrenics, vinyls, 
polyolefines, polyamides, sulphur-containing  thermoplastic [24]. 
Figure 8 Chemical reaction to produce resole phenolic  
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Most of these types are classified as amorphous polymers. The use of thermoplastic 
matrices in filament wound pipes is sharply increasing in many industrial 
applications. A number of theoretical and experimental studies have been carried out 
on filament wound thermoplastic pipes by Gibson and Fahrer  (2000) [25], in order 
to determine their behaviour under a variety of load and environmental conditions. 
2.8 Stress-strain relationships in composites 
The stress-strain relationship of composites is predominately linear up to close to 
final failure, and then non-linearity occurs in the very last stage of loading [26]. A 
number of studies have investigated and modelling the relationship between the 
stress and strain of composites, such as Petit (1969) [27] and Hahn (1978) [28]. The 
latter introduced analytical techniques to predict the behaviour of laminate reinforced 
composite materials. Abu-Farsakh et al (1997) [29] investigated the effect of the 
material‟s non-linearity on deflected beams. They found that the deflection is more 
prominent for the shear which dominated core failure. Sun and Tao (1998) [4] also 
investigated the effect of progressive matrix cracking on the stress-strain behaviour.  
Roberts et al (2002) [5] modified laminate theory by introducing the influence of 
matrix microcraking on the stiffness and strain. More recently, J.Wang et al (2007)  
[6] simulated the stress-strain curve of non-tube composites under cyclic loading 
conditions. Reporting, non-linear elasticity, they interpreted their observations by 
suggesting that under a compression cycle a local deformation occurred in the 
sample before global buckling is recovering upon first unloading.     
2.9 Loading system in pipes 
2.9.1 Bi-axial loading 
Biaxial loading is a combination of two or more loads acting at the same time, which 
could be present as tension and pressure loading, tension and torsion loading, torsion 
and pressure loading and so on. The type of biaxial loading examined in this study 
consists of tension and internal hydrostatic pressure. A typical arrangement for 
biaxial loading is illustrated in figure 2.9. When the composite pipe is arranged as 
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closed-ended, and then hydrostatic pressure is applied, axial, hoop, and radial 
stresses will all be generated. However the radial stress is negligible compared with 
axial and hoop stresses in cases of L/D ˂ 20. Hoop stress can be calculated by: 
    
  
   
                                                                                                       (2.1) 
where:    is hoop stress, P is applied pressure, D is the inner diameter of the pipe, 
and t is the pipe wall thickness. 
Since the hoop stress generated is equal to twice the axial stress in the case of the 
closed-ended arrangement, this particular type of load called is 2Hoop:1Axial, (2:1) 
loading, and as a result the axial stress could then be written as: 
    
  
 
 
  
   
                                                                                          (2.2) 
 
 
Figure 9 Biaxial loading arrangement for pure pressure loading 
Figure 2.9. Typical arrangement for biaxial loading, pure pressure loading. 
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2.9.2 Pure hoop loading 
Figure 2.10 shows a sketch of an open-ended arrangement, where two end fittings of 
the pipe are free to slip on rubber O-rings. Therefore the axial stress will extend to 
the shaft which is connected between two pistons; consequently the axial stress in the 
pipe wall will be about zero.  
Several methods for testing filament wound pipes have been carried out using 
different types of loading. Soden et al (1978)  [30] suggested a method of testing 
which involved loading the filament wound pipe by internal pressure with axial 
tension or compression applied simultaneously. Hull et al (1978) [31] presented three 
methods of tests : mode I closed-ended, applying internal pressure to restrain the 
ends (axial strain = 0); mode II for biaxial loading, where the ratio of hoop to axial 
stress is 2:1; and a mode III open-ended setting with internal pressure where axial 
stress = 0. Soden et al (1993)  [32] and Kaddour et al (1998) [33]  introduced a 
method to carry out uniaxial and biaxial loading by applying internal pressure with 
axial tension or compression at the same time. Mistry et al (1992) [34] designed a 
new test rig enabling them to study the buckling behaviour of composite pipe under 
external pressure and axial loading. 
 
Figure 10 Biaxial loading arrangement for pure hoop loading 
Figure 2.10. Typical arrangement for biaxial loading, Pure hoop loading. 
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2.10 Fatigue behaviour of composite material 
The behaviour of composite materials under uniaxial and multiaxial load conditions 
has been extensively studied by a number of researchers in order to understand and 
develop methodologies for safe fatigue and failure evaluation. The earliest study to 
attempt the systematic investigation of fatigue behaviour through extensive 
experimentation was by Owen (1972) [7]. Fujii et al (1995) [35]  also contributed 
significantly aspects to the study of fatigue behaviour for composites. All these 
researchers refer to testing conditions which was a combination of external loads 
(global loads) and internal loads (local loads). The latter is mainly, however, 
generated by material anisotropy for off-axial laminates under uniaxial external and 
multiaxial loads [36]. Smith et al (1989) [8] implemented a number of experimental 
tests of glass/polymer cruciform specimens. They assumed that failure is mainly 
based on three modes: rectangular cracking, shear failure and mixed mode failure. 
They used a homogenised quadratic polynomial function to account for strain energy 
based on cracking and maximum shear stress for shear failure to establish the mixed 
mode of failure. A stiffness degradation model for multiaxial life prediction was 
suggested by Fujii et al (1996) [9], and ratios for both tension and shear were used to 
express the damage variables. Adden and Horst (2009) [10]  introduced a model 
based on ply-by-ply stiffness degradation to evaluate fatigue damage under 
multiaxial loading. 
Fatigue failure generally occurs locally and is driven by local stress fields causing a 
sequence of failure mechanisms. There are five main failure mechanisms in 
unidirectional glass/fibre composite material: interfacial debonding; matrix cracking; 
weepage; delamination; and fibre breakage. Delamination occurs as a result of matrix 
cracking and interfacial debonding. This causes debonding between the adjacent 
layers of the reinforcement.  
The fatigue mechanism in unidirectional composites using different type of fibres has 
been widely discussed in terms of fibre deformation characteristics and matrix resin 
fatigue limit relations. Several experiments on GRE and carbon fibre reinforced 
plastic (CFRP), have been carried out by Curtis and Moor (1983)  [37] and Lorenzo 
and Hahn (1987) [38]. They note that the damage is in the form of matrix cracking 
and longitudinal splitting which is initiated by interfacial debonding, and matrix 
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cracking. They also observed that glass fibre composites show more extensive 
damage than carbon fibre composites.  
The most common type of failure is fatigue. This occurs when alternating loads are 
applied to the component, which can be plotted against number of cycles up to 
failure to build up a fatigue curve called the S-N curve, usually plotted in a 
logarithmic scale.  
2.11 Factors influencing fatigue behaviour in composites 
There are several factors influencing the fatigue behaviour of composites, which can 
be summarised as follows. 
2.11.1 Effect of fibre 
Many investigations have been conducted on the effects of fibre construction and 
orientation on the fatigue behaviour of composites. Although unidirectional 
composites have a maximum tensile strength when loads are applied parallel to fibre 
direction, this is not the case in fatigue resistance because of splitting in the fibre 
direction due to relatively low transverse strength. Many investigations have claimed 
fatigue strength is better in cross-ply non-woven unidirectional 0⁰ and 90⁰, because 
the fibres are straight and parallel and do not get crimped [17]. 
Godara (2007) [39] used digital image correlation (DIC) to study the influence of 
fibre orientation on global mechanical behaviour and mesoscale strain localization in 
short glass-fibre reinforced composites. DIC is a method for the determination of the 
heterogeneity of elastic-plastic deformation and strain fields in materials with 
heterogeneous microstructures and is based on the recognition of geometrical 
changes in colour scale. Two different angle sets of composite plates were tested 
(cross ply 0⁰/90⁰ and ± 45⁰). The results showed that a strong influence of fibre 
orientation was observed on anisotropic mechanical behaviour and the failure 
mechanism. Furthermore, a good correlation was noted between the distribution of 
deformation at mesoscale and material microstructure. Staking sequence also has a 
strong influence on fatigue life. Foye and Baker (1970)  [40] reported that a 
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significant difference in fatigue strength was observed when the positions of the plies 
in a ±15⁰ and ± 45⁰ laminate were changed . 
A number of studies into the performance of carbon fibre reinforced composites have 
been carried out by Owen et al (1974) [41], Curtis et al (1983) [37] and Harris (1986) 
[42]. These found that a high modulus carbon fibre composite gave the best fatigue 
performance among the composites tested. Curtis and Dorey (1986) [43] also 
reported Kevlar fibre reinforced plastic composites had a fatigue performance 
intermediate between carbon and glass fibre composites. On the other hand other 
factors which influence fatigue behaviour relate to the fibre characteristic, such as 
fibre volume fraction, the interfacial bond between the fibres and the matrix, and the 
fibre size (short or long fibres).  
Fernberg et al (2000) [44] studied the effect of glass fibre size on transverse cracking 
using two different fibre types with epoxy and vinylester matrix. They observed that 
the size of coating of the glass fibre has a strong effect on the cracking behaviour of 
cross-ply laminates, which has been shown to affect the slope of crack density versus 
strain, as illustrated in figure 2.11. 
 
Figure 11 Effect of glass fibre size on transverse cracking 
Figure 2.11. Crack density      as a function of applied mechanical strain    . 
Comparison between laminates with the same fibre but different matrices. Two types 
of fibre, BUP2 and EP2, are compared [44]. 
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2.11.2 Effect of matrix 
Interfacial matrix will usually determine the performance of composite materials 
under load. Incompatible matrices could cause a premature failure of the composite 
due to physical or chemical unsuitability. For example, poor wetability between 
ultrahigh molecular weight polyethylene fibres and epoxies results in weak bonding 
strength [45]. A large number of studies have been carried out on the effect of matrix 
properties on the failure performance of composites. Boller (1969)  [46] found that 
the fatigue performance of epoxy matrix composites is superior to that of polymer 
vinyl ester, phenolic, and silicon resins, due to high strength, good bonding to the 
fibres, and low shrinkage. This results in smaller residual stress, less exposure, and 
higher strain without cracking. It has also been reported that composites with vinyl 
ester resins have a higher fatigue resistance than polymer resin under cyclic loading. 
Scholte (1993) [47] mentioned that  isophthalic polymers have better fatigue 
performance than polyester resin, whereas only a negligible difference was noted 
between vinyl ester and a new pre-accelerated thixotropic vinyl ester. 
2.11.3 Effect of the interface 
The interface is the point where the local properties begin to change from those of 
the most of the fibre to those of the matrix. Studies by Shih and Ebert (1987) [48] 
and Curtis (1987) [49] have reported that there are significant effects on crack 
initiation and propagation depending on the bonding strength of the interface as well 
as fibre orientation and principal stresses. A weak interface and strong fibres leads to 
deviations the cracks parallel to the fibre direction, as shown in figure 2.12.a. On the 
other hand, strong interface bonding and ductile fibres are sensitive to crack tip 
stresses, and as a result cracks may grow into the fibre causing rapid fatigue failure, 
as in figure 2.12.b [17]. 
Sekercioglu et al (2005) [50] have studied the effects of bonding clearance and 
interfacial fit on the strength of cylindrical composites. Significant decreases were 
observed in static and cyclic strength as the bonding clearance increased. Gan et al 
(2009) [45] modelled the progressive damage of interfacial debonding in composites 
using nonlinear models due to the complexity of the failure mechanisms. 
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Figure 12 Modes of fatigue crack growth in fibre 
Figure 2.12 Modes of fatigue crack growth in fibre reinforced material. 
 
2.11.4 Effect of mean stress and stress ratio 
The influence of mean stress on fatigue behaviour cannot be clearly recognised in the 
fatigue (S-N) curve. However, for design purposes this information may be essential, 
and so S-N curves for mean stresses are needed. These curves help in constructing 
the Smith diagram or master diagram, in which the stress amplitude    is plotted 
against mean stress     for the chosen life, as shown in figure 2.13. It can be easily 
recognised that the allowable stress amplitude decreases when mean stress increases. 
The influence of mean stress on the fatigue behaviour of composites is similar to that 
of metallic material due to the linear relationship between stress amplitude    and 
mean stress  . The relationship between fatigue strength    at zero mean stress for a 
given life and the stress rupture strength for the life cycle    of the material 
suggested by Goodman [17] is: 
    
  
  
  
  
                                                                                                    (2.3) 
Many investigations have been carried out by a number of researchers in order to 
study the effect of mean stress on the fatigue behaviour of composite materials. El 
Kadi and Ellyin (1994) [51] implemented an off-axis fatigue test on unidirectional 
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glass/fibre composites under different stress ratios R (the ratio of minimum stress to 
maximum stress) . They found fatigue strengths were lowest at R= -1 than ratios of 0 
and 0.5. Miyano et al (1995) [52] investigated the effect of the stress ratio on fatigue 
behaviour for unidirectional carbon fibre reinforced plastic (CFRP). They found that 
fatigue strength becomes lower as the stress ratio decreases from 1 to 0. Kawai et al 
(2004) [36] modelled the fatigue behaviour of an off-axis unidirectional T800H/2500 
system over the range of non-negative mean stresses, showing the independence of 
fibre orientation and stress ratio.  
More recently Talreja et al (2010) [53] studied the effect of stress ratios on fatigue 
performance referring to material axis other than geometrical axis. They concluded 
that the ratio of shear stress to longitudinal stress has a much stronger effect than the 
ratio of transverse stress to longitudinal stress on the fatigue strength of composites.   
  
 
Figure 13 The influence of mean stress on fatigue strength 
Figure 2.13. Master diagram of GFRP shwing influence of mean stress on fatigue 
strength [54]. 
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2.11.5 Effect of loading frequency 
Loading frequency significantly influences the fatigue of composite materials, due to 
temperature rise with the specimen during fatigue tests. As a result the fatigue life 
decreases when load frequency is increased. For all stress levels, the number of 
cycles to final failure increases when loading frequencies are increased due to the 
decrease in time under load. Curtis and Moore (1983) [37] claimed that the effect of 
frequency on fatigue life is due to creep/fatigue interaction. They also reported that 
damage development is strongly dependent on the stress ratio. 
In fact the effect of loading frequency is relatively complex, since it acts at two 
levels. The first level concerns the viscoelastic behaviour of glass/epoxy composite. 
High frequency loading leads to rises in temperature in the specimen, and in this case 
the life expectancy depends on the material‟s geometry and ability to dissipate the 
heat. The second level relates to the interaction between fatigue and creep. Low 
loading frequency means a higher load time, which can influence component life 
time by increasing the creep rate. So the load frequency should be chosen to 
minimize resin temperature and avoid any significant creep taking place. Joon et al  
(2009) [55] investigated the effect of loading frequency on the fatigue behaviour of a 
silicon carbide fibre reinforced glass ceramic composite at room temperature. They 
reported that the fatigue life decreases as load frequency increases, according to their 
investigations by analysis of microscopic characterisation using electron microscopy. 
In addition to the factors mentioned above which affect the fatigue behaviour of 
composites, several additional factors also influence fatigue, such as environmental 
conditions, the shape and structure of the specimen, and stress concentrations such as 
holes, notches, and other imperfections in the composite structure. 
2.12 Fatigue curve  
The fatigue life is defined as the total number of cycles at a given stress level to 
cause failure. Failure in the field of composite pipes occurs when liquid leaks 
through the pipe wall (weepage). Generally the method used to evaluate the fatigue 
life of materials starts by subjecting the component to static or cyclic loading of a 
constant amplitude and then recording the number of cycles to cause failure at a 
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given stress level in the case of cyclic loading, or the time required to fail in the case 
of static loading. By applying different stress levels and recording the corresponding 
number of cycles, the fatigue curve (S-N curve) can be then built up. S-N curve can 
be defined as a curve showing mean stress against number of cycles to failure (N). 
Figure 2.14 shows S-N curve obtained from real data for reinforced laminate 
composite epoxy under cyclic loading [56].   
The mean and average stresses can be defined as: 
     
         
 
                                                                                     (2.4) 
     
         
 
                                                                                      (2.5)                                                                     
where,    is mean stress,      is average stress,       and     is the maximum 
and minimum loads within one cycle. 
 
Figure 14 S–N curve for a carbon-epoxy laminate 
Figure 2.14. S–N curve for a carbon-epoxy laminateT300/5208   [0/90/±45] and 
typical sinusoidal shape of a load function generated by a fatigue testing machine 
[56]. 
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The prediction of fatigue curves in composites is difficult for many reasons, the main 
one being the variations in failure modes under different stress ratios. A number of 
studies have investigated fatigue in glass/fibre reinforced composites. Hashin (1981) 
[57] has published extensive fatigue data for glass fibre reinforced material, and 
found it difficult to establish the fatigue curve for multi direction laminates due to  
large scatter in the data as shown in figure 2.15 which are not usually observed in 
metals. 
To date a large number of fatigue studies have been conducted, due to the importance 
of fatigue curves of defining the long-term behaviour of composites. Although the 
most appropriate method of prediction has not yet emerged, the American Standard 
ASTM D-2992 provides an acceptable guide for designing and testing fibre glass 
reinforced composites based on the regression line from the fatigue curve. Its 
procedure and criticisms of it are discussed later in this chapter.   
 
 
Figure 15 Data scatter showing the difficulty of establishing the S-N curve 
Figure 2.15. Data scatter showing the difficulty of establishing the S-N curve for 
multidirectional laminates [57]. 
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2.13 Failure modes of long fibre composites 
There are three most important types of failure modes in composites, as illustrated in 
figure 2.16: (a) axial tensile failure; (b) transverse tensile failure; and (c) shear 
failure. Tensile failure occurs when a large axial stress applied to the lamina causes 
fibre and matrix fracture, with the fracture line normal to fibre direction. Lower 
transverse and shear loads could lead to transverse and shear delamitation with the 
fracture path parallel to fibre direction. In this case the fracture occurs within the 
matrix at the fibre/matrix interface [16]. 
The behaviour of composites under compression loading is different from cases of 
tensile and shear loading. Fibres under axial compression will buckle, resulting in 
compression and tensile stresses across different parts of the fibre section, leading 
eventually to fibre fracture. Figure 2.17 shows a carbon fibre reinforced composite 
failed under compressive load. 
 
 
Figure 16 Possible failure modes in laminate 
Figure 2.16.  Possible failure modes inf laminate. 
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Figure 17 Buckling, fracture and bending in fibres 
Figure 2.17. Tensile and compressive load in a fibre due to in-phase buckling, 
fracture and bending [16]. 
 
2.14 Failure development in GRE pipes  
Filament wound composite pipes exhibit a complex sequence of damage which 
eventually leads to final failure. It has been noted that glass/fibre reinforced plastic 
(GRP) pipes subjected to biaxial loading fail due to a sequence of damages starting 
with matrix microcracking and then delamination, weepage and finally fibre 
breakage. 
2.14.1 Matrix microcracking 
A number of studies suggest that the most widely observed failure mechanism in 
filament wound composite pipes is matrix microcracking. The immediate effect of 
the microcracking is to cause significant degradation in mechanical and thermal 
properties, as represented by Young modulus, Poisson ratio, and thermal 
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conductivity. In addition, matrix microcracking may lead to weepage or even fibre 
breakage [58]. 
Avesten and Kelly (1973) [59] found that composites which failed under low strain 
have multiple cracks of that under high strain, and they derived a method to calculate 
interfacial stress called multiple fracture theory. This theory has been developed by 
Garrett and Bailey (1977) [60]. Studying the ply thickness effect on matrix transverse 
cracking in cross-ply laminates, they found that transverse cracks decreased as 
thickness increased up to 0.4 mm, then the strain became constant at around 0.4%. 
Based on microscopic examination, Jones and Hull (1979) [61] classified the matrix 
microcracks into two main types: parallel and oblique transverse cracks. Transverse 
cracks can be found parallel or interlaminar to the fibres. Parallel transverse cracks 
form through the thickness of the laminate in response to the strain normal to the 
fibre, whereas interlaminar cracks formed in the longitudinal direction of the 
laminate in response to shear strain. Oblique transverse cracks usually propagated in 
the diagonal direction of the laminate in response to both tensile and shear strain. 
Scanning electron microscopy (SEM) was used by Smith et al (1985) [62] to observe 
the development of matrix microcracking using a small tensile rig. They noted that 
cracks initiated near to the centre of the transverse ply at the fibre/matrix interface 
where the strain concentration was high. 
Nairn et al (2000) [63] reported a correlation between an energy analysis of the 
composite and prediction of microcracking under a variety of load conditions. The 
microcracking properties of any laminate could then be predicted if microcracking 
fracture toughness was shown. 
Recently, Talreja et al (2010) [64] evaluated and modelled cracks in multidirectional 
laminates of                . They reported that “In general, the damage initiation 
and progression in an off axis orientation depend on the local constraint on the crack 
opening displacement imposed by the plies immediately surrounding the cracking 
plies. The total thickness of the unseparated plies in an off-axis orientation is also 
found to be important in the damage evolution process”. 
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2.14.2 Delamination 
Delamination or interlaminar cracking occurs when two adjacent plies or the matrix-
fibre bonding separate, and it occurs under various load conditions [31]. The most 
common interlaminar cracks occur as consequence of transverse matrix cracking as 
well as from manufacturing defects [65]. Delamination can also be defined in terms 
of material strength under compressive loading due to mixed buckling, which could 
be local or global as shown in figure 2.18 [66]. Jones and Hull (1979) [61] examined 
filament wound pipes under biaxial loading and found that delamination usually 
occurred on the compressed side of the pipe, and was associated with transverse 
cracks.      
In fact there are four types of delamination: strip, circular, elliptical and square. The 
elliptical delamination of laminate plates was considered by Chai and Babcock 
(1981) [67] using analytic method based on energy release rate, whereas a three 
dimensional finite element analysis was used by Whitcomb (1992) [68] in examining 
postbuckled embedded circular delamination. Aboudi (1994) [69] used a 
modification of laminate theory to find a suitable model to depict delamination in 
composite pipes. A Continuous analysis method was used by Wang et al (1995)  [70] 
to determine the local buckling load of delaminated beams and plates with single or 
multiple delamination. A non-linear finite element analysis was also used by Hwang 
and Mao (1999) [71] to study of buckling loads and modes as well as critical loads 
for delamination development in carbon/epoxy composites. 
Ozdil and Carlsson (2000) [72]  presented a model to predict delamination growth in 
filament wound pipes. Rasheed et al (2002) [65] then investigated the delamination 
buckling of composite rings under external pressure. They concluded that the thick 
delaminated layers were found to have no tendency to snap-buckle inwards until pipe 
failure, whereas thin delaminated layers were found to be more likely to buckle 
inwards locally prior to pipe collapse. Zor et al (2005) [66] tested plates with square 
shaped holes in order to investigate delamination behaviour under buckling load 
using the three dimensional finite element method. They concluded that two 
important factors affecting critical delamination width are fibre orientation and the 
boundary conditions of the plate.  
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Figure 18 Buckling mode shapes for a delaminated composite 
Figure 2.18. Buckling mode shapes for a delaminated composite[66]. 
 
2.14.3 Weepage 
Weepage is a penetration or leakage of fluid through the pipe wall. When loads are 
applied cracks will initiate in the matrix and with continued loading these multi 
cracks will develop which could affect stiffness properties and more critically, fluid 
will eventually find pathways to cause weepage. Hull et al (1979) [31] found that 
filament wound pipes under pure hydrostatic pressure failed due to weepage which 
was associated with transverse cracking of the resin-fibre interface. Rosenow et al 
(1984) [73] also reported that pipes subjected to biaxial loading start to weep due to 
longitudinal and circumferential cracks. Soden et al (1993) [32] observed that 
filament wound composite pipes usually failed by weepage at stresses much lower 
than fracture stress. Mertiny et al (2007) [74] quantified leakage damage in high 
pressure fibre-reinforced polymer composite tubes, and found a clear correlation 
between matrix damage and fluid leakage due to stress-strain and leakage. Moreover, 
load rates had a significant influence on leakage stress and strain levels. 
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2.14.4 Fibre breakage 
The last stage of failure in composites is fibre breakage, which usually occurs when 
stresses exceeds the fibre strength. Hull et al (1978) [31] reported that filament 
wound composite pipes at winding angles of 35°, 45°,55°,65° and 75° subjected to 
internal pressure showed matrix microcracking up to weepage. After that the fibre 
angle rotated towards the ideal angle of 55°, and then the fibres started to buckle and 
eventually failed. 
Many investigations have evaluated the breakage of either short or long fibres. 
Schürhoff et al (2004) [75] performed an experimental test to determine the effect of 
creep loading on short fibre reinforced metal matrix composite. They found that fibre 
damage depended on load orientation, where the earlier fibre damage occurred when 
load acted perpendicular to fibre direction.  
2.15 Failure development of GRE pipes under biaxial loading 
The behaviour of filament wound composite pipes under biaxial loading is different 
from that under pure internal pressure due to variations in failure mode under 
different stress ratios. Carroll et al (1995) [76] observed that pipes exposed to axial 
dominated loading exhibit positive strain. In this case cracks develop parallel to fibre 
direction as the loading increases and final failure depends on the applied stress rate. 
For low stress rates, matrix cracks develop and final failure occurs as weepage, 
whereas complete matrix failure occurs at high stress rates. This facilitates a 
saturation of microcracking throughout the wall thickness; and consequently fibres 
delaminate from the matrix and then fail.   
Pipes under hoop dominated loading showed more than one mode of failure, since 
the negative axial strain prevented microcracking in the matrix from being observed. 
Visible whitening, which may have been caused by matrix microcracks, was noted 
and failure could have occurred inside the pipe due to the highest hoop stress through 
the pipe wall. The second failure mode was delamination, which occurred as a result 
of crack propagation. In the case of compression the final failure involved matrix 
shear with an angle parallel to the fibre direction through the wall thickness. 
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2.16 Failure criteria 
The main purpose of analysing failure criteria is to determine composite strength and 
possible failure modes under combined stresses. In composite pipes failure mode is 
related to weepage with transverse matrix cracking and the debonding of the 
fibre/matrix interface. A number of failure criteria have been suggested by 
researchers to identify the range of failure strengths and modes. For example, Hashin 
et al (1973) [77] modified mechanical fatigue criteria so as to cover for fibre failure 
and matrix failure modes. Jones and Hull (1979) [61] microscopically examined the 
failure mechanisms of GRP pipes and found that weepage in mode II was governed 
by the occurrence and interaction of transverse cracks, as shown in figure 2.19,  
while in mode III weepage occurred at high stress levels due to delamination. 
 
Figure 19 Formation of weepage path through the pipe wall 
Figure 2.19. Formation of weepage path through the pipe wall by the intersection of 
transverse cracks. The flow of liquid is restricted to three contact points [61]. 
 
Frost and Cervenka (1994) [78] applied axial tensile and hoop loading to GRP pipes, 
and found that matrix cracks ran through the ply thickness parallel to the fibres, thus 
helping to keep them intact. They proposed a failure criterion to fit the experimental 
data for ± 45°,± 55° and ± 75° GRP pipes as the follows: 
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where   ,   are the stress and shear at the given load, failfailt, τσ  and C are the material 
constants. 
The majority of criteria suggested so far are suitable for two dimensional stress 
states, although some have also considered three dimensional stress states.  
 
2.16.1 Tsai-Hill maximum stress criterion  
The maximum stress criterion in composite laminate is generalized for tensile and 
compression loads. This criterion assumes that failure occurs when the stress parallel 
or normal to the fibre axis reaches the appropriate critical value, when the following 
is satisfied [16]: 
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The magnitude of xσ necessary to cause failure in cases of applied uniaxial tension 
can be plotted as a function of the angle   between the stress and fibre axes, for each 
of the three failure modes.  
 
sinυcosυ
τ
υsin
σ
υcos
σ
σ
*
12
2
*
2
2
*
1*
x                                                         (2.7)            
The strains in axial and hoop directions are expressed as:. 
 
0τγ,
E
σ
ν
E
σ
ε,
E
σ
ν
E
σ
ε xyxy
x
x
xy
y
y
y
y
y
yx
x
x
x                      (2.8)                  
Strains parallel and perpendicular to fibre direction respectively are: 
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where: ,ε,ε 21 are the strains in fibre direction and transverse direction respectively, 
12γ is the shear strain, and c, s are abbreviations of cosυ , sinυ . 
Axial failure is typically expected only for very small loading angles, but the 
predicted transition from shear to transverse failure may occur anywhere between 
20° and 50° depending on the values of *12τ , and  
*
2σ  . In practice, there is likely to be 
some interaction between failure modes [16]. For instance, shear failure is expected 
to occur more easily when shear stress dominates. 
 The most commonly used model taking account of this effect is the Tsai-Hill 
criterion, which can be expressed mathematically as:  
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2.16.2 Tsai – Wu Criterion 
The Tsai–Wu criterion includes the coupling with shear deformation for yielding, 
which is not considered in the Tsai-Hill criterion. This method is one of the most 
common criteria used for composite materials, composite strength enabling to be 
predicted without any experimental data. Moreover, the Tsai–Wu criterion is capable 
of being applied to two or three-dimensional stresses, by expanding the stress tensor 
and reducing the second order terms to give [79]:  
                                                                                                      (2.11) 
where   is the applied stress and    ,     are strength parameters and the notation is 
used where i,j =1,2,3, …6 
For axi-symmetric cases the theory can be written as: 
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The strength terms can be determined from a properties test using 
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where XT
f : longitudinal tensile strength, and XCf : longitudinal compressive 
strength. 
However the main criticism of the Tsai–Wu criterion is that it appears as more 
mathematical than physical concept. 
2.17 Methods of failure analysis for filament wound composite pipes 
As mentioned above weepage is the definitive failure mode in composite pipes. 
Complete failure is rarely noted when pipes have been exposed to any level of 
pressure loading. It has been discussed earlier in this chapter that stress-strain 
responses in composites are assumed to be linear up to the point when first damage 
starts to appear, after which non-linearity is the rule. But in fact composite laminates 
can last well beyond the first failed ply, and only eventually fail after continuing 
loading. This resistance depends on the nature of the multidirectional laminate lay-
ups.  As a result of the sequence of ply failures, the composite exhibits significant 
degradation in its properties. This can be represented as a decline in elastic modulus, 
Poisson‟s ratio changes and weakening of thermal conductivity. This degradation 
continues up to the last ply failure and then the composite laminate fails completely. 
The two most common techniques used in failure analysis here are the ply by ply and 
sudden failure methods. 
2.17.1 Ply by ply method 
The ply by ply method for failure analysis is generally based on laminate theory, 
which is used initially to estimate the elastic constants of the lamina. The second step 
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is to obtain the equivalent stiffness in the laminate direction by applying a transform 
matrix. By calculating the stiffness matrix in the laminate direction (x, y) and 
applying a mechanical load to the lamina, the stress and strain in this coordinate 
system               will consequently be easy to determine. Finally, the failure 
criterion is applied to the resulting stress and strain values, and these are compared 
with the criterion condition. If failure has not been reached under this load, the 
applied load needs to be increased until the criterion condition has been achieved.  
This procedure can be repeated for the next layer until the stiffness matrix of the 
laminate becomes singular.   
Many studies have deployed the ply by ply method in analysing failure in 
composites. Eckold et (1978) [80] built up a strength envelope for different 
composite tubes based on the ply by ply method with a maximum stress criterion. 
Sun and Tao (1998) [4] also used the ply by ply method with the assistance of the 
Hashin- Rotem criterion to predict the failure envelope of unidirectional composite 
laminate. More recently Adden and Horst (2009) [10]  introduced a  model which 
was also based on ply by ply stiffness degradation to evaluate fatigue damage in 
GFRP tubes under multiaxial loading. 
2.17.2 Sudden failure method 
Unlike the ply by ply method, the sudden failure method does not consider the 
stiffness degradation of the lamina. This method is generally based on fibre failure 
rather than progressive matrix failure in the lamina. To carry out this analysis, the 
load required for fibre failure in the dominant lamina is calculated, and then the 
chosen failure criterion for the material is applied. In fact the laminate strength 
predicted by Sudden et al [30] using this method is higher than that  predicted by the 
ply by ply method. 
Another method used for the failure analysis of fibre dominated laminate, where 
failure can be due to the shear failure of the fibres, is called the Hart-Smith criterion 
[81].   
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2.18 Failure Assessment 
Several methods and techniques have been developed in order to monitor and 
evaluate damage mechanisms and failure modes. The most commonly used 
techniques are microscopy and acoustic emission. Other techniques used in failure 
assessment in composite materials by many researchers include X-ray examination, 
ultrasonic and infra-red techniques. 
2.18.1 Microscopy 
The most common tools used to observe the microstructure of composites are the 
optical and electron microscopes. In order to proceed with the microscopic 
examination of a sample a specific sequence of actions needs to be taken first. 
The selected sample specimens are sectioned, grinded and polished. Microscopy is 
useful in viewing specific areas of damage, providing a detailed view of any section. 
Figure 2.20 shows the cross sectional scan of a ±55⁰ filament wound glass epoxy 
pipe. Transverse cracks formed under loading can be observed.  
 
Figure 20 Matrix micro-cracks in lamina 
Figure 2.20. Matrix micro-cracks in a filament wound ±55º angle ply glass epoxy 
tube. 
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On the other hand, microscopy has only a limited ability to follow damage 
propagation as loading increases. Furthermore, microscopy is an unsuitable tool for 
evaluating large test specimens.  
2.18.2 Acoustic emission 
Recently acoustic emission AE analysis has been widely used in monitoring and 
evaluating the failure modes of materials in many applications. Acoustic emission 
techniques have been developed for use at the locations of areas and types of 
damage, based on recorded acoustic signals [82]. A number of studies have been 
carried out using acoustic emission techniques in order to evaluate failure 
mechanisms in polymer composite reinforced glass fibre. 
Benmedakhene et al (1998) [83] tested a double-cantilever beam specimen under 
monotonic pure mode (I) conditions with various displacement speeds. They 
installed the acoustic emission equipment so as to detect crack initiation and to study 
mechanisms of crack growth. They reported that the strain energy release rate under 
cyclic loading increased as the applied load rate increased up to final failure. 
Furthermore, they found that the delamination process is a consequence of several 
types of damage, such as matrix cracking, interface debonding and fibre fracture. 
Combining acoustic emission analysis with enhanced microscopic observation helps 
to observe the crack paths, which appear to propagate through the resin along the 
fibre/matrix interface at high loading rate, as shown in figure 2.21. 
Dogossy and Czigany (2006)  [84] tested maize hull composites with applied tensile 
loads, in order to analyse and follow the failure process by acoustic emission 
observations. They reported that, it was possible to distinguish acoustic emission 
from the presence of three failure modes during the tests, which can be classified as 
matrix deformation (below 25 dB), maize hull pull-out (26-40dB), and maize hull 
breakage (over 41dB), as shown in  figure 2.22.  
Guillermo et al (2006)  [85] presented a method for determining the endurance limit 
of fibre glass pipes under internal pressure using acoustic emission technology. They 
applied static and cyclic loads to 22 samples with 200 mm diameter and 1.5 m 
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length. Pipes were tested to failure, which was defined as the weepage of liquid 
through the pipe wall.   
 
Figure 21 Crack propagation in resin  
Figure 2.21.Crack propagation in the resin and the interface (v=100 mm/mn)[83]. 
 
 
Figure 22 Characteristic tensile and amplitude curves of a PE composite 
Figure 2.22. Characteristic tensile and amplitude curves of a PE composite 
containing 30 wt% MH [84]. 
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They used the recorded data to plot cumulative signal strength versus time and also 
showed the estimated pressure at the acoustic emission „knee‟, as in figure 2.23. 
They concluded that, there are correlations between the acoustic emissions during the 
first loading of the specimens and the ultimate life under cycle loading. Moreover, 
they claimed that the collected results from acoustic emissions can be used to predict 
the long term cycle loading performance of reinforced fibreglass pipes. They also 
concluded that acoustic emission can be used to evaluate the effect on fatigue 
performance of factors such as changes in materials, fabrication, and methods. 
 
Figure 23 Determination of historic index ( HI ) from AE records 
Figure 2.23.  Determination of historic index ( HI ) from AE records [85]. 
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Finkenstadt et al (2007)  [86] tested polylactic acid (PLA) oil seed composites, and 
claimed that three different stages of deformation could be clearly discerned from 
acoustic emission evaluation. At first the debonding of fibres from the matrix was 
recognized, and then the yielding of the matrix occurred as a second stage, followed 
finally by the ductile fracture of the matrix. 
2.19 Failure envelopes 
A failure envelope graphically shows the failure strength of composite pipes under 
various hoop to axial stress ratios, where the coordinates of the curve indicate the 
hoop and axial strength of the pipes in these directions. The shape of the failure 
envelope depends on the mechanical properties of the GRE pipes, and it is 
significantly influenced by changing parameter such as winding angle, fibre and 
resin type and load conditions. Winding angle has a profound effect on the shape of 
the envelope; for example, when this angle starts to deviate from the axial to the 
hoop direction, a noticeable change in shape occurs which can be represented as an 
increase in hoop strength and decreased strength in the axial direction, so that the 
curve subsequently becomes narrower.  
Hale et al (2000) [11] investigated the effect of hot and wet conditions on the 
behaviour of failure envelopes for fibre/glass tubes under biaxial loading. They 
found that its shape decreased and becomes narrower to original point of the axis as 
temperature increased, as shown in figure 2.24. 
Ellyin et al (2000) [87] tested ±66⁰ filament wound pipe under cycle loading with 
various stress ratios, and concluded that there is a noticeable regression in the elastic 
modulus with cycle loading which depends on both applied stress and stress ratio. 
Furthermore, they found that the largest decline in the pipe‟s stiffness was under pure 
axial loading, whereas less degradation was observed in the case of pure hoop 
loading where the failure mode was defined as fibre rupture. 
Mertiny et al (2003) [88] investigated the effect of multi-angle filament winding on 
the strength of the tubular composite structure. Three pipes with different angle 
combinations of [±60⁰], [±45⁰, ± 60⁰], and [±30⁰, ±60⁰] were tested with various 
stress ratios. They concluded that the winding angle and applied stress ratios strongly 
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influenced the failure envelopes. For example, pipes with [±30⁰, ±60⁰] winding angle 
exhibited high performance under pure axial loading, whereas those with a [±60⁰] 
winding angle showed the highest ability in the case of hoop loading. Figure 2.25 
shows the effect of multi-angle filament winding on the failure envelope.    
 
Figure 24 Failure envelopes for IPD epoxy and PSX phenolic±55º GRP pipes 
Figure 2.24. Failure envelopes for IPD epoxy and PSX phenolic±55º filament wound 
pipes at 20 C⁰, 90 C⁰, 120 C⁰ and 160 C⁰ under biaxial loading [11]. 
 
Meijer et al (2008)  [89] tested ± 60⁰ filament wound composite pipes with an inside 
diameter of 50.4 mm under a range of stress ratios with positive hoop stress and both 
tensile and compressive axial loads. Fourteen hoop to axial stress ratios were applied 
to these pipes, and they found that the maximum strength provided was by ratios 
below 7:1. They also claimed that five distinct failure modes were observed: axial 
tensile structural failure under the 0:1 and 1:1 ratios; weepage with the 2:1 ratio, 
local leakage under ratios of 4:1, 4.5:1, and 5:1, bursting with the 7:1, 1:0, and 7:-1 
ratios, and axial compressive structural failure under the 0:-1 stress ratio. 
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Figure 25 Failure envelopes for multi-angle tubes 
Fig2.25 Experimental structural failure envelopes and points of failure for of [±60⁰], 
[±45⁰, ± 60⁰], [±30⁰, ±60⁰]  tube specimens [88]. 
 
2.20 Modelling of the failure behaviour of composites 
2.20.1 Miner’s law 
Miner‟s law was associated by applying various stress levels to aluminium alloy test 
samples. Fatigue life is generally presented in the form of S-N curves and related to 
constant amplitude fatigue tests. Miner‟s law is the theory used to predict the fatigue 
life under conditions of varying loads. Equation 2.13 describes the application of 
Miner‟s rule with respect to cycle loading.  
  
  
   
                                                                                                      (2.13) 
where     is the number of cycles at stress i, and     is the number of cycles at the 
failure point. 
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Ifwarson et al (1998) [90] applied Miner‟s rule with regard to time spent at particular 
stresses and temperatures rather than number of cycles at a given stress. The method 
was investigated by applying stress to composite pipes with cycle loading at 80⁰C, 
and 95⁰C; see figure 2.26. They found that failure time based on Miner‟s law at a 
variety of test temperatures and stress cycles at 1.5 MPa at 100⁰C was about one-
third of that with 2.5 MPa at 90⁰C. They also claimed that the test results were in 
agreement with the calculated failure time. 
Miner‟s law has been also applied to reinforced thermoplastic pipes by Gibson 
(1999) [91] in order to predict the pipe regression curve. Two different pipe samples 
were subjected to internal pressure at different low speed loadings (LSL). These 
loads were uniformly applied up to failure. Equation 2.14 shows the modified form 
of Miner‟s law which was used in this investigation: 
  
  
   
    
  
 
                                                                                                (2.14) 
The derived regression line was expressed as:  
                                                                                                   (2.15) 
where    is the time to failure at the given pressure   ,    is the applied stress,  and A 
and B are regression constants. 
 
Figure 26 Temperature cycling test between 80 C⁰ and 95 C⁰ 
Figure2.26. Illustration of temperature cycling test between 80⁰C and 95⁰C [90]. 
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Integration was applied to Miner‟s law to give the failure stress    and time to failure 
as a function of A, B as illustrated in equations 2.16: 
           
  
 
 ,               
 
  
   
  
 
  
    
  
                                  (2.16) 
Figure 2.27 shows a comparison of the curves generated from a Wellstream ramp 
experimental set up at 60⁰C with the regression curve plotted using the modified 
Miner's equation [91].   
 
Figure 27 Constant pressure regression curves generated from Wellstream ramp experiments at 60ºC 
Figure 2.27. Constant pressure regression curves generated from Wellstream ramp 
experiments at 60ºC. Mean line and LPL are shown [91]. 
 
2.20.2 Cumulative damage results and life prediction under cycle loading 
Even though the accumulation of fatigue damage in fibre reinforced plastic is non-
linear, Miner‟s law plots a linear regression, which is hence stress-independent and 
free from stress interactions. Owen and Howe [7] (1972) found good results for fibre 
reinforced plastic laminate when subjected to fatigue loading by improving equation 
2.13:  
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                                                                         (2.17) 
where A, B are material constants. 
The cumulative damage expression of the same form may also be related to initial 
fibre debonding, matrix cracking and fibre breakage. 
2.21 Modelling of matrix microcracking   
A number of studies have been conducted to estimate matrix microcracking using 
several methods in order to predict the degradation in mechanical properties. The 
matrix microcracking prediction can be grouped into fracture, variation, and 
continuous methods. 
The fracture method is based on information about cracking obtained from 
micrographic analysis, such as crack spacing and width. This method considers the 
stress distributions in cracked laminate in regions of transverse cracks, which can be 
estimated by shear-lag variation and elasticity regression. Cox (1952) [92] has 
formulated a shear-lag theory in order to evaluate the stress in fibre entrenched in 
elastic matrix. Aveston and Kelly(1973) [59] derived their theory of multiple fracture 
using shear-lag theory.   
A two-dimensional shear-lag model for progressive damage in composites was 
introduced by Henaff et al (1996) [93] to estimate the stress distributions and elastic 
constants of the damaged layers and laminate. Jiad Dharani (1998) [94] developed 
the method in terms of minimum potential energy by studying the effect of interface 
friction force on the fracture mode of a composite containing non-axisymetric 
transverse matrix cracking and interface debonding. Robert et al (2003) [5] modified 
the method to evaluate the crack density of cracked angle ply laminate. Hui Zhang et 
al (2006) [95] also modified the variation method to study the effects of transverse 
cracking and local delaminations in symmetric composite laminates. Ogi et al (2009) 
[96] used this method with the assistance of the Weibull distribution and Paris law to 
predict a fatigue model for transverse cracking in CFRP cross-ply laminates under 
static fatigue loading. Strong correlations were found between crack density and both 
applied stress and load time. 
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With regards to the continuous damage method, the composite laminate is treated as 
a continuum of damage based on the stress-strain relationship. The life of the 
composite can be predicted by determining the damage level that reduces its 
mechanical properties below critical values. Several researchers have modelled the 
matrix cracking in composite laminates accordingly. Won-Lee et al (1989) [97] 
applied a second tensor to model crack damage in composite laminate. Schipperen 
(2001) [98] developed an anisotropic damage model to describe the transverse matrix 
cracking of laminates. A non-linear relationship was found in the stress-strain 
behaviour in the shear direction, by using the secant stiffness of 50% of the ultimate 
strain level in the investigation. More recently, Maimi (2008) [99] used a three-
dimensional continuum damage model to predict the interlaminar failure mechanism. 
2.22 Stiffness reduction in composites 
The stress-strain curve of composites is predominantly linear, and then strong non-
linearity occurs close to final failure. The non-linear behaviour occurs as a result of 
degradation in the stiffness of the composite which is usually due to transverse 
matrix cracks. Transverse matrix cracking is generally the first damage noted when 
composites are subjected to any type of loading. As mentioned above many theories 
have been established to predict and follow the degradation in properties in 
composites, the most important of which are the variation principles [100], 
continuum damage mechanisms [101], approximate elasticity theory solutions [102] 
and shear-lag theory [103]. These models where developed to study the behaviour 
and degradation in stiffness of cross-ply laminates. However, more recently, several 
studies have investigated the effect of transverse cracking on the degradation in 
properties of multi directional laminates under biaxial loading. These have examined 
matrix cracking in off-axis plies [104], the interaction of transverse cracking with 
edge and local delaminations [105], and matrix cracking in quasi-isotropic laminates 
[106].  
Shear-lag modelling provides an attractive method to calculate reduction in stiffness 
associated with transverse cracking, and this method has been modified to be suitable 
for the analysis of cross-ply laminates in various stacking sequences. On the other 
hand, the behaviour of cross-ply laminates under biaxial loading is different from 
that under uniaxial loading due to the possibility of matrix cracking occurring in the 
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transverse 90⁰ and 0⁰ directions (splitting). This type of failure is called multilayer 
matrix cracking, and it is mathematically more complex to analyse. Highsmith and 
Reifsnider (1986) [107] have examined cross-ply laminates damaged by matrix 
transverse cracking and splitting. These studies were based on the evaluation of 
stresses and involved extensive numerical analysis.  
M. Kashtalyan (1999) [108] has evaluated the stiffness degradation of           
laminates considering both matrix transverse cracking in 90⁰ and  0⁰ splitting plies. 
They also modified the 2-D shear-lag analysis in order to determine the stress field in 
cracked lamina, and found that a reduction in stiffness was clearly noted and 
increased as crack density increases. They also concluded that the significant 
degradation in Poisson‟s ratio and shear modulus were due to splitting in the 0⁰ ply. 
Figure 2.28 shows the elastic and shear modulus and Poisson ratio degradation for 
cross-ply lamina due to splitting. 
Tounsi et al (2006) [109] have modified the shear-lag theory in order to evaluate the 
effect of transverse cracks on stiffness reduction in angle ply laminates. They plotted 
the degradation of the elastic modulus against crack density and found that stiffness 
reduction was significantly influenced by fibre orientation.  
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(a) 
 
Figure 28 Elastic modulus reduction ratios as a function of transverse crack 
(b) 
Figure2.28. Elastic modulus reduction ratios as a function of transverse crack 
density         
          for transversally cracked CFRP laminates with (solid 
lines) and without (hatched lines) splitting: (a)         ; (b)         . Splitting 
density       . 
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2.23 Pipe qualification and requalification 
2.23.1 Biaxial testing according to ASTM D2992 for pipe qualification 
The ISO 14692 standard is currently used to predict the maximum service pressure 
for GRE pipes under different load conditions. The standard describes the method 
used to establish a regression line to predict long term allowable stress [12]. This 
method is based on pressurising the GRE pipes statically or cyclically to derive at 
least 18 points in order to establish an acceptable regression line, with at least one 
sample providing a point in excess of 10,000 hours. A graph with log-log format is 
plotted in terms of stress versus time to failure. By extrapolating the lower 
confidence limit (LCL) from the regression line, the rating for a design lifetime of 20 
or 50 years can be obtained. The expected failure mode of this test is weepage, which 
is generally due to the presence of a network of matrix cracks which form over time. 
The regression line obtained from this procedure gives important information that 
qualifies the product for manufacture and defines the pressure rating to be used in the 
pipe‟s system design.  
The hydrostatic design basis (HDB) is a method used for the reconfirmation of the 
product using a regression line built from the ASTM D2992 method. This is needed 
when any change is made to materials, manufacturing processes, construction, and 
liner thickness or fitting design. In the HDB test, the product is subjected to 1,000 
hours of hydrostatic pressure based on the 1,000 hour lower prediction limit (LPL) of 
the regression line obtained from ASTM D2992. If there is no weepage or bursting at 
1,000 hours, this means that the product is considered safe for the same design 
lifetime of 20 or 50 years. Figure 2.29 illustrates the regression line of the pipe using 
ASTM D2992. 
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Figure 29 regression line indicating pressure at design lifetime of 20 years 
Figure 1: Example of regression line indicating pressure at design lifetime of 20 
years and the pressure at the 1000 hours reconfirmation test [12]. 
 
54 
 
3 CHAPTER 3  
EXPERIMENTAL METHODS 
 
This chapter describes the various experimental tests performed on filament wound 
composite glass/fibre reinforced epoxy pipes. These tests were conducted to study 
the failure behaviour of GRE pipes over short periods for the purpose of their 
qualification for official standards. The ultimate elastic wall stress (UEWS) test rig 
and procedure are described in the first part of the chapter. The second part then 
considers procedures to measure the tensile and creep Young‟s modulus, acoustic 
emission and the examination of microstructure.     
3.1 Material selection 
All of the MDA epoxy/E-glass filament wound pipes used were manufactured by 
Future Pipe Industries (FPI). Their reinforced tapered and straight ends are suitable 
for end caps for adhesive and mechanical fittings, as shown in figure 3.1.  
Figure 30 Pipe spool with straight and tapered reinforced ends 
 
Figure 3.1.Pipe spool with straight and tapered reinforced ends. 
Tapered reinforced 
ends 
Straight reinforced 
ends 
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All of the pipes were geometrically similar with an inside diameter of 200 mm, 
length of 2000 mm, 6 mm wall thickness  and ±55⁰ winding angle. This angle is 
commonly encountered since the Netting analysis suggests that this is the optimum 
angle to use in piping systems where the ratio of applied hoop to axial stress is 2:1. 
The main component of the pipes is glass fibre impregnated with an aromatic or 
cycloaliphatic amine epoxy resin. This thermosetting resin is chosen because of its 
superior corrosion resistance and good mechanical and thermal properties. Table 3.1 
shows the physical and mechanical properties of the pipes. 
Table3.1. Physical and mechanical properties of the pip.     
Materials Test method  
Internal diameter   200 mm 
Wall thickness   6 mm 
Pipe length   2 000 mm 
Epoxy Density   1.8 g/ml
 
Volume fraction (%)  59% 
Axial Young‟s modulus (Ex) ASTM D 2105 12 GPa 
Axial strength ASTM D 2105 75 MPa 
Hoop Young‟s modulus (Ey) ASTM D 2290 20 GPa 
Hoop strength ASTM D 2290 210 MPa 
Shear modulus   (Es)  11.5 GPa 
Thermal conductivity  0.29 W/m.K 
Poisson ratio axial/hoop     0.65 
Poisson ratio hoop/axial     0.38 
Table 2 Physical and mechanical properties of the tested pipes 
3.2 Rig design for UEWS test 
In order to carry out the UEWS test with different stress levels and environmental 
conditions, a rig has been designed and built comprising of on a hollow aluminium 
shaft, two pistons and two end caps. The UEWS test generates both the UEWS and 
final failure envelopes under a variety of load and environmental conditions.   
Figure 3.2 shows a simple schematic diagram of the biaxial loading test rig. This rig 
enables additional axial stress to be applied up to pure axial loading. Axial stress up 
to pure hoop loading could be also minimized by controlling the pressure in both the 
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main and small chambers inside the pipe. Therefore, it was unnecessary to add any 
external loads to the pipe wall to perform the test. 
This rig was designed to perform the tasks involved in the biaxial tests under a 
variety of load and environmental conditions. The following criteria needed to be 
satisfied: 
 Maximum working pressure inside the pipe is approximately 250 bar. 
 Maximum working temperature is 95⁰ C 
 Shaft and pistons are move freely inside the pipe. 
 Pipe failure is expected to be  away from the pipe ends. 
 Two synchronised pressure loads were to be applied in the main and small 
chambers to investigate the desired stress ratio.  
 
Figure 31 Test rig for carrying out biaxial loading tests 
Figure 3.2. Schematic diagram of the rig for carrying out biaxial loading tests. 
Strain gauge  
Small 
chamber 
Shaft 
Piston 
Main chamber Small chamber 
Strain gauge  Transducer End cap  
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3.3 Construction of the test rig  
3.4 End fittings 
For the purpose of conducting experimental tests on pipe specimens subjected to 
internal pressure, it was necessary to fit end grips at both pipe ends. This type of test 
is also called the closed-ended test. A strong joint was needed to carry axial loads 
generated by pressure applied inside the pipe. Furthermore, the construction of seals 
between the pipes and end fittings had to be carefully considered to prevent any 
possible leakage at low or high pressure.  
Pipes were produced with reinforced layup ends to avoid any possible failure near 
the end fittings. Good contact and a tight fit between the end caps and pipe ends were 
necessary. Two types of end fittings were designed and manufactured for carrying 
out the UEWS tests at room temperature, 65⁰C and 95⁰C.  
3.4.1 Adhesive bonded end fittings  
Figure 3.3 shows a schematic diagram of a pipe spool with details of the pipe sample. 
As the pipes were reinforced with E-glass fibre and epoxy resin, the reinforced layer 
length was carefully calculated to avoid any failure in the bonding media. This 
design was based on the maximum pressure used by Saied (2002) for ±55⁰ GRE 
pipes, which was about 18 MPa. The bond length was determined as follows:  
 Bonding length     
   
  
                                                                          (3.1) 
where P is the internal pressure (assumed to be 18 MPa), r is the pipe radius (100 
mm) and τ is the allowable shear stress of the epoxy adhesive (7 MPa). From this 
calculation the bonded length was about 120 mm. However, a length of 140 mm was 
decided upon to give a safety factor of 1.2. 
This kind of fitting was used to perform UEWS tests at room temperature and 65⁰C. 
However, instability of the bonded fittings was noted at higher temperatures, where 
the adhesive failed at 95⁰C. At this temperature a shear failure occurred at the 
bonded caps during the UEWS test at about 120 bar. Figure 3.4 shows a schematic 
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diagram of the adhesive end fittings (a), and a pipe spool with adhesive bonded end 
fittings (b). 
 
Figure 32 Pipe spool with tapered reinforced ends 
Figure3.3. Schematic diagram of pipe spool with specifications of the tapered 
reinforced ends. 
 
After testing, the steel caps were dismantled and cleaned ready for use in the next 
test. The dismantling procedure was achieved in a sequence of stages. Firstly the 
bonded pipe end was heated up to about 260⁰C by the heater band. Then axial force 
was applied to create enough shear stress so that the bonded adhesive would fail 
using a conventional car jack as illustrated in figure 3.5. Finally the dismantled caps 
were cleaned at high temperature, removing any remaining adhesive by using a steel 
brush.  
The main advantages of the use of adhesive bonded end fittings are as follows:  
 Good sealing over the entire loading range, where the maximum pressure 
applied to this sort of fitting was 16 MPa. 
 Low stress concentration 
 Ease of manufacturing and handling. 
 Reusable and low cost. 
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Figure 33 Adhesive bonded end fitting 
(a) 
 
Figure 34 Pipe spool with adhesive bonded end fittings 
(b) 
Figure 3.4.Schematic diagram of adhesive bonded end fittings (a) and pipe spool 
with adhesive bonded end fittings (b). 
 
Pipe spool End cap 
Epoxy adhesive 
Tapered reinforced build up layer 
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The main drawbacks observed were that the fittings are relatively difficult to install 
and the bond strength is dramatically reduced at high temperature. 
 
Figure 35 Adhesive cap dismantling procedure 
Figure 3.5. Adhesive cap dismantling procedure: (1) heater band, (2) car jack, (3) 
metal plate fixed to the end cap, (4) heat controller. 
 
3.4.2 Mechanical end fittings 
The need for mechanical fittings arose because the adhesively bonded end fittings 
failed at high temperature. Therefore new mechanical fittings were designed and 
manufactured for carrying out the test at 95⁰C. In this case pipes were produced with 
straight 22 mm built up reinforced ends, as illustrated in figure 3.6.  
1 
2 
3 
4 
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Figure 36 Pipe spool with straight reinforced ends 
Figure 3.6. Schematic diagram of pipe spool with specifications of the straight 
reinforced ends. 
 
 
 
 
Figure 37 Mechanical end fitting 
Figure 3.7 Schematic diagram of the mechanical end fittings attached to the pipe. 
Tapered sleeve 
Flange 
Segmented ring 
Pipe 
spool 
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Loose flange 
M 26 bolt 
O-ring 
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Figures 3.7 and 3.8 are show a schematic diagram of the mechanical end fittings, and 
a photo of pipe spool with the mechanical end fittings in place respectively. The 
mechanical fittings consisted of a rigid tapered sleeve, segmented grips, a segmented 
ring, a flange and a loose flange. The purpose of the tapered sleeve and grips is to 
prevent any swelling in the hoop direction which might cause leakage through the O-
ring. However, in the case of the pure hydrostatic pressure test, it was unnecessary to 
use the grips since no pistons and O-rings were fitted. These grips were used only 
when hoop loading dominated. The working principle of the grips is based on them 
tightening onto the tapered surface. The sleeves become tight as the bolts are 
tightened in turn tightening the grips in the hoop direction, due to the pipes tapered 
ends. This prevented any possible swelling in the hoop direction, and ensured that no 
leakage occured through the O-ring.  
 
Figure 38 Pipe spool with mechanical end fittings 
Figure3.8 Pipe spool with mechanical end fittings. 
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3.5 Piston and shaft design 
In order to create two different pressure loads in the chambers built inside the pipes, 
two pistons with O-rings were screwed onto a hollow aluminium shaft as shown in 
figure 3.9. The threaded ends of the shaft join the pistons together and balance the 
axial loads in the system by carrying undesired loads. The shaft dimensions and 
thickness were chosen according to considerations of tensile strength, buckling 
resistance, availability and ease of handling. 
The shaft end thread was designed to be able to with stand high pressure loading, and 
the following calculation was conducted to evaluate thread length and specification. 
 
Figure 39 Piston heads screwed to shaft 
Figure 3.9. Schematic diagram of the piston heads screwed to the aluminium shaft. 
 
The maximum pressure was assumed to be 250 bars and the pipe diameter is 200 
mm, so the axial force can then be calculated as: 
                                                                                                          (3.2) 
where, A is the pipe cross section. 
Piston heads 
Aluminum shaft 
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The yield strength of the aluminium is about 150 MPa, but it was taken to be 100 
MPa, with a 1.5 safety factor for use at high temperature. 
From the standard thread for 80 mm outside diameter of the shaft, M 80 × 6 was 
selected.  Then the required number of turns was calculated as: 
   
 
       
                                                                                          (3.3) 
where, n is the number of turns. 
         
        
 
 
                
                  
The thread length can then be calculated to be around 60 mm. 
The design was based on a safety factor of 2, and so the actual thread length was 
finally decided to be 120 mm. 
The O-Rings were carefully chosen with an outer diameter of 202 mm, 2 mm bigger 
than the pipe‟s inside diameter, to ensure a tight contact for maximum sealing. 
Suitable grooves were machined on the piston heads for these O-Rings.   
3.6 Data capture  
A data acquisition system supplied by National Instruments (NI) was used to receive 
signals from the transducers and strain gauges and logged on a personal computer. 
The data acquisition system consisted of universal analog input NI 9219 with full-
bridge supports for the strain gauges, voltage and current excitation, thermocouple, 
voltage and current measurements, and a capability for 100 reading per second. The 
system had four channels; two were used for the transducers and the others for the 
strain gauges. Figure 3.10 shows the data acquisition system used for measuring the 
parameters during the UEWS tests. 
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Figure 40 Data capture system used in the UEWS test 
Figure 3.10. Data capture system used in the UEWS test. 
 
3.7 Pressure and strain measures  
Two standard industrial transducers manufactured by Swagelok Fluid System 
Technologies with a capacity of 0 - 400 bar were used to measure pressure levels in 
the main and small chambers. These transducers were extended by 1/8'' tubing to be 
distant from the test rig. 
Two PL-60-11-3LT strain gauges with three meters of lead wire were attached in the 
hoop and axial directions to detect the pipe‟s response under loading. These strain 
gauges were set in quarter bridge configuration. A strain gauge length of 60 mm was 
recommended by Future Pipe Industries (FPI) in order to cover as long of a pipe 
surface as possible.  
3.8 Pressurizing system 
Figure 3.11 shows the SC10-5000 W030 air driven pump used in the UEWS tests to 
pressurize water media into the main and small chambers. The pump was driven by  
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compressed air, which was supplied from the main container at 7 bars. The output 
water flow rate was controlled by an air regulator set up with an air line from the air 
source to the pump. 
 
 
Figure 41 Air driven pump 
Figure 3.11  SC10-5000 W030 air driven pump used in the UEWS tests. 
 
3.9 Pressure reducer 
To investigate two different synchronised pressure levels from a single pressure 
source, an intensifier needed to be connected to the system. This pressure reducer 
consists of stepped pistons moving freely inside two cylinders, which are called the 
high and low pressure chambers as shown in figure 3.12.  
From the geometry of the cylinders, two different output pressures can be used in 
inverse proportion to the cylinder areas as follows: 
  
  
  
  
  
  
                                                                                                   (3.4) 
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where:   ,    are the high and low pressures in the respective chambers, and   ,    
are the areas of the high and low pressure cylinders. 
Two separate intensifiers were constructed to perform the UEWS tests under hoop to 
axial stress ratios of, 0.5:1, 1:1 and 4:1.  
 
 
 
Figure 42 Pressure reducer 
Figure 3.12 Schematic diagram of the pressure reducer used to investigate two 
different pressure levels. 
 
3.10 Heating device 
Figure 3.13 shows the environmental chamber (oven) used to heat up the surrounding 
media and enable the UEWS test to be carried out at elevated temperatures. Suitable 
dimensions of 2.5m ×1.5m ×1m for the inner size permitted the easy placing and 
handling of the pipe. A coil heater and an air blower fan for the uniform distribution 
of the generated heat are the main components of the oven, in addition to a control 
box. This oven enabled the surrounding media to be heated up to 150⁰C, whereas the 
UEWS tests were conducted at room temperature, 65⁰C and 95⁰C.   
High-pressure chamber 
 
Low-pressure chamber 
 
Piston 
 
O-ring 
 
Hydraulic 
connections 
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Figure 43 Environmental chamber 
Figure 3.13. Environmental chamber in open lid condition. 
 
3.11 Acoustic emission equipment 
Acoustic emission (AE) can be defined as a transient elastic wave generated from the 
rapid release of energy from a material [110]. Acoustic emission tests can be 
performed in applications both in the field and the laboratory. The AE system 
typically consists of piezoelectric sensors, filters, an amplifier and data storage 
equipment (personal computer).  
Two sensors were attached to the pipe sample during the UEWS test in order to 
detect damage initiation and propagation through the test stages. The acoustic signal 
threshold was set at 40dB in cases pure hydrostatic and pure hoop loading, whereas, 
it was 20dB in pure axial loading. Figure 3.14 shows the AE equipment attached to 
the pipe spool during the test. 
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Figure 44 AE equipment  
Figure 3.14 AE equipments attached to the pipe spool during the UEWS test. 
 
It is sometimes difficult to separate the AE signals from background noise, which 
may contaminate the AE readings. One of the available solutions to minimize this 
interference is to place the amplifiers as close as possible to the sensors, and further 
filtering or amplification may needed to be attached. Another difficulty noted is the 
large volume of data acquired, and so high PC capacity is needed as UEWS tests are 
usually performed over 6-10 hours.  
3.12 The ultimate elastic wall stress (UEWS) test 
This section describes the procedure used for the determination of the ultimate elastic 
wall stress for glass/fibre reinforced epoxy pipes under a variety of load conditions. 
The UEWS can be used as a criterion for the determination of the working pressure 
for GRE pipes. This method is generally based on the notion that the failure of GRE 
pipes starts with glass/fibre interface debonding.  
Amplifier
s 
Sensors  
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3.13 Definitions 
3.13.1 Ultimate elastic wall stress (UEWS) 
The UEWS can be defined as the maximum stress (N/mm²) resulting from internal 
hydrostatic pressure or axial loads that produces an elastic deformation in any 
direction. In many cases in composite investigations, the UEWS indicates the start of 
non-linear deformation behaviour [111].  
3.13.2 Cycle test pressure (CTP)  
The CTP is the maximum pressure applied during a cycle group, which usually starts 
at 10% of the expected UEWS pressure. 
3.13.3 Cycle 
The cycle is the time needed to pressurize the system from zero to the CTP pressure, 
then to hold at the CTP pressure for one minute before a releasing time of one minute 
at the zero pressure. 
3.13.4 Nominal pressure (NP)  
The NP is the maximum pressure that water can exert continually with a high degree 
of certainty that failure will not occur within the design lifetime.  
3.14 Test preparation 
The reinforced pipe ends were machined to a shallow angle of 2.5⁰ in order to fit 
tapered steel caps tightly. Then the pipe ends and end caps were cleaned with 
acetoneto remove any remaining grease or oil and then dried. Wavistrong EASY-FIT 
adhesive was used to bond the caps to both pipe ends which were then cured at 
125⁰C for 90 minutes with a heater band.  Once the pistons were attached to the 
shaft, mounted in the pipe spool and prepared with the end fittings, the pipe was 
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placed in the oven with rolled supports to minimize any axial reaction generated 
from the supports. 
Two strain gauges were attached to the middle of the pipe to measure any strain 
during the test in the axial and hoop directions. The strain gauges were connected to 
the data acquisition system in order to detect the strain signal and then transform it to 
Excel readable data. Two transducers were also assembled onto the main and small 
chambers to measure the pressure in them. 
An intensifier was then connected between the main and small chambers in some of 
the tests conducted. This was unnecessary in the pure hydrostatic pressure, pure axial 
and pure hoop loading tests. Finally all the supply and release tubes and valves were 
connected and the pipe was filled with pure water, making sure any air bubbles were 
removed from the system.  
3.15 Test conditions  
In the case of elevated temperature tests, the pipes were filled with water and placed 
in an oven maintained at the test temperature (65⁰C or 95⁰C) for 24 hrs until 
temperature equilibrium was reached. This period of time is much longer than that 
required for conditioning, which can be calculated as follows: 
 30 minutes × 6 mm wall thickness = 180 minutes 
where 30 minutes is the required time for conditioning the pipes of wall thickness of 
1 mm [111]. 
3.16 Test procedure 
Once the set up was completed, either at room temperature or an elevated 
temperature, the UEWS tests were performed through a series of procedures as 
follows: 
1- First the nominal pressure rating      was determined, as well as the design load 
condition. 
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2- Secondly, the cycle test pressure (CTP) was determined, starting at 10% of the 
expected UEWS as follows:  
                                                                                                  (3.5)       
3- The pipe was then filled completely with drinking water as mentioned above, and 
the air bubbles were released to ensure that there was no air trapped inside the pipe. 
4- The pump was then attached to the system.  
5- The required bridge voltage was applied to the strain gauges due to the DAQ 
system. 
6- The first cycle test pressure was applied with pressure increment from zero to the 
     of wall stress of 5-10 MPa/ minute. Ten cycles were applied under      
holding for one minute at the given pressure and one minute at conditions of zero 
pressure. 
7- The pressure was then uniformly increased to the second group of cycles, which 
can be determined by adding 10% of the expected UEWS as follows: 
                                                                                         (3.6) 
where:      is the cycle test pressure of the current group (MPa),        is the next 
cycle group of ten cycles (MPa), and            is the test pressure corresponding to 
the expected UEWS (MPa) 
8- The procedure in stage 7 was repeated until one of the follow conditions was met: 
a- Weeping or failure of the pipe. 
b- The completion of two cycle groups after the UEWS point. 
9- Strain measurements as well as pressure readings were taken at the end of the first 
and tenth cycles. 
10- The UEWS was investigated when the difference in strains between the 1
st
 and 
10
th
 cycles of the same cycle group exceeds 5%. 
                                                                                                         (3.7) 
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where:    ,      are the strains at the end of the first  and tenth cycles respectively.  
11- The test was continued for two cycle groups after the UEWS point using the 
same procedure.  Figure 3.15 shows pressure versus time and cycle group definition. 
 
Figure 45 Definition of test cycles and cycle groups 
Figure 3.15. Definition of test cycles and cycle groups. 
 
3.17 Calculation of the ultimate elastic wall stress 
The UEWS calculation was based on the results of the strain measurements taken in 
the axial direction when axial loading was predominant, whereas hoop strain was 
considered when hoop loading dominated. 
The calculation began with the determination of the pressure at which     exceeds 
5%:  
          
       
   
                                                                                     (3.8) 
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where      is the difference in strain between the first and tenth cycles,         are 
the strains in the tenth and first cycles respectively in the same cycle group. 
     is the difference between the measured strain at the tenth cycle and the 
calculated strain. The latter was calculated from the previous points (strain at tenth 
cycle) by linear regression. 
The strain in the first cycle can be inaccurate, since no previous point has been 
defined. 
          
         
    
                                                                                (3.9) 
where:      is the measured strain in the tenth cycle, and       is the predicted strain 
at the tenth cycle. 
The UEWS was then investigated when        ,      exceeds 5%, and the UEWS was 
finally calculated as: 
        
              
    
                                                                         (3.10) 
where:       is the internal pressure corresponding to UEWS,    is the inner 
diameter of the tested pipe at the location of the strain gauge, and     is the reinforced 
wall thickness at the location of the strain gauge. 
3.18 Wall thickness measurements 
The actual pipe wall thickness was measured by cutting a ring of 10 mm width from 
the middle of the failed pipe. Eight circumference marks were taken to determine the 
average wall thickness including the coating layer, because inconsistent thickness 
around the circumference was observed.      
The next step was to measure the coating layer. A digital microscope was used to 
show that the coating layer‟s thickness was also variable around the circumference of 
the ring. The average coating thickness was then taken from eight measurements, and 
finally the actual reinforced wall thickness was determined as: 
                                                                                                 (3.11)                                                                                                                                                  
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Figure 3.16 shows the ring sample under magnification and a coating layer 
measurement. 
 
Figure 46 Coating layer measurements 
Figure3.16. Coating layer measurement. 
 
3.19 Elastic modulus measurements 
The main purpose of carrying out this sort of test is to determine the elastic modulus 
degradation of the pipes in the axial and hoop directions in different stages of 
loading. Simple tensile and 100 second creep tests were conducted with the pipes 
under a variety of load conditions. In order of investigate the effect of UEWS on pipe 
stiffness, several samples in different conditions were tested on virgin pipes, those 
halfway to UEWS (50% of UEWS), 100% of UEWS and weeping pipes. For 50% 
and 100% of UEWS, the tests were stopped at the corresponding stress levels.  
3.19.1 Axial Young's modulus 
A pull test was carried out with the specimen in order to determine the elastic 
modulus in the axial direction under each condition. Figure 3.17 shows a pipe 
sample, and figure 3.18 shows pipe samples set up in the Instron 4505 tensile 
machine. 
0.39mm 
mmmm  
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Figure 47 Pipe samples for tensile test 
Figure 3.17. Preparation of pipe samples for tensile test. 
 
 
Figure 48 Pipe sample set up in the tensile machine 
Figure 3.18. Pipe sample set up in the Instron 4505 tensile machine. 
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A pipe sample of one meter in length was firstly cut from the middle of a tested 
sample, and then pinned and supported at each end in the machine. The strain gauge 
was initially attached to the middle of the sample to record the pipe‟s response under 
loading in the axial direction and data acquisition system then transformed the data 
into the personal computer. 
The test procedure was started by placing the pipe sample in the machine and then 
different loads were applied separately (these loads were carefully chosen to be in the 
elastic zone and far away from the yield point). Each load held constant for a while 
to ensure that stable readings from the strain gauge were recognised, whereupon a 
strain reading was taken. The applied load was then released to return to the 
unloaded condition. 
The next load was defined by increasing the previous load by about 15% of the 
maximum suggested load. The new load was again held for a while for the strain 
reading to become stable, and the next strain reading was then taken. This procedure 
was then repeated for the rest of the planned loads, which were totalled eight starting 
from 2kN up to 16kN with load increments of 2kN. 
The collected data of loads and strain reading were analyzed as follows: 
     
 
    
     
  
                                                                                    (3.12) 
where: F is the applied load (N), and       are the pipe outside and inside diameters 
respectively. 
The axial stress was fitted versus axial strain to derive a linear relationship. The slope 
of the line was defined as the axial elastic modulus. The whole test was conducted 
for samples under different conditions as stated earlier. 
3.19.2 Hoop elastic modulus   
100 second creep tests were carried out to determine the elastic modulus in the hoop 
direction for the tested pipes in the conditions mentioned above. Uniform rings were 
cut from the middle of the pipes of 20 mm width as illustrated in figure 3.19. 
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Ring samples were placed in the Instron 4505 pull machine as in figure 3.20, and 
then four different loads were applied in the hoop direction. The loads applied were 
much lower than the pipe‟s hoop elastic limit, for two reasons. The main reason was 
to ensure that no plastic deformation could occur in the rings. The second reason was 
to prevent the circular ring from deforming into an oval shape which might disturb 
the displacement reading. These loads were held for 100 seconds, and then the 
corresponding vertical displacement was recorded and fitted against the applied 
loads. After a linear relationship was recognized between the loads and 
displacements, the creep hoop modulus was then calculated as: 
    
         
   
                                                                                   (3.13) 
where: W is the applied load (N), R is the pipe radius (m), I is the moment of inertia 
(mm), and   is the vertical displacement (m). 
   
    
  
                                                                                                      (3.14) 
where: b is the ring width and d is the pipe inner diameter. 
 
Figure 49 Ring specimens for the 100 seconds hoop Young’s modulus test 
Figure 3.19 .  Photograph of ring specimens for the 100 seconds hoop Young’s 
modulus test. 
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Figure 50 sample set up for hoop Young’s modulus measurements 
Figure3.20. Photograph of the test rig for measuring the creep hoop Young’s 
modulus. 
 
3.20 Optical microscopy test 
Optical microscopic examinations were conducted with the failed pipes, in order to 
evaluate the cumulative damage, damage modes, and crack density. In the final stage 
of the UEWS test when weepage started to appear, the leakage location was marked 
and then cut into small pieces 25 mm × 20 mm for microstructure analysis as shown 
in figure 2.21. These pieces were cut with a bonded diamond cutter to minimize any 
possible damage during the preparation.  
Each specimen was labelled for identification and then mounted in an epoxy resin in 
a small mould in order to protect the sample and improve the handling of small 
samples, as shown in figure 2.22. A grinding machine was used to remove the rough 
edges from the moulded sample and to flatten the surface. The grinding procedure is 
listed in table 3.3. 
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Figure 51 Specimens for microstructure analysis 
Figure 3.21. Cut specimens for microstructure analysis. 
.  
 
Figure 52 Moulded sample in epoxy resin 
Figure 2.22. Moulded sample in epoxy resin to improve handling for the grinding 
process. 
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Table 3.3. Grinding procedure for polymer matrix composites.  
Surface Abrasive size Load/sample 
(N) 
Base speed 
rpm 
Time 
(min.) 
CarbiMet 
2Abrasive discs 
Water proof paper 
320(P400) grit Sic 
Water cooled 
 
18 
 
150 
 
3.00×2 
Ultra Pol, Ultra 
Pad Cloth 
6 m MetaDi. 
Supreme Diamond 
Suspension 
 
18 
 
150 
 
3.00×2 
Tri Dent cloth Text 
Met Pad 
3 m Meta Di 
Supreme Diamond 
Suspension 
 
22 
 
150 
 
3.00×2 
ChemoMet Pad 0.05 mMasterMet 
Colloidal Sillica 
27 150 3.00×2 
Table 3 Grinding procedure for polymer matrix composites 
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4 CHAPTER 4  
QUALIFICATION AND LIFETIME 
MODELLING OF FIBREGLASS PIPE 
 
This chapter describes the ultimate elastic wall stress (UEWS) modelling for the 
purposes of pipe‟s qualification. This including the prediction of elastic modulus 
constants and the stress-strain relationships of the ±55⁰ GRE pipes, based on 
laminate theory and Miner‟s low approach. The degradation of elastic modulus in the 
concepts of crack density evaluation is discussed. Tsai-Hill criterion is also modified 
to include the combination of stresses interaction in the principle direction to predict 
the UEWS envelopes. 
4.1 Pipes qualification 
The qualification standard for fibreglass pipe, ISO 14692, is currently being revised.  
The procedure by which GRE pipes are rated in the standard, ASTM 2992, covers 
both cyclic and static pressure loading.  Weepage is the only failure mode permitted.  
End users should note that there are other classes of fibre reinforced pipe where 
weepage is suppressed by means of a ductile liner, so fibre failure occurs. These 
pipes are covered by different norms, such as API RP15S.  The discussion here 
relates solely to GRE pipes that fail by weepage. 
The ASTM2992 procedure involves hydrostatic pressurisation tests under either 
cyclic or long term static loading, depending on the loading condition of interest.  In 
each case the method of treating failure data is the same, as summarised in Figure 
4.1.   
Both the cyclic and static failure processes can be described, respectively, by 
empirical power law expressions: 
 
 
J
fHN

        and        
G
fFt

                                                             (4.1) 
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Figure 53 Determination of the hydrostatic design basis (HDB) 
Figure 4.1. Static (upper) and cyclic (lower) Future Pipe test results at 65°C from 
ISO 14692 and ASTM D2992.  Upper figure shows the 97.5% lower predictions limit 
(LCL) and the procedure for determining the hydrostatic design basis (HDB). 
 
Here,  is the hydrostatic pressure, Nf  is the number of fatigue cycles to failure, tf  is 
the failure time under static loading, and H, J, F and G are the constants of the 
relationships in Figure 4.1. These equations can be re-arranged to give the number of 
cycles, or the time to failure, so: 
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To allow for product variability and testing errors it is necessary to calculate a lower 
prediction limit (LPL) for the results.  The LPL line in Figure 4.1 represents the line 
above which 97.5% of newly determined results are predicted to lie.  For static 
loading the pressure rating for the pipe, known as the hydrostatic design basis (HDB) 
is determined by extrapolating the LPL line to the design life, usually 20 years for 
oilfield products, as shown.  The HDB, combined with a number of other factors, is 
used to determine the allowable working pressure in the pipe.   
As well as giving the pressure rating it is also necessary for a qualification standard 
to provide methods of deciding whether changes to the materials or manufacturing 
process have affected the product.  This is necessary since it would be expensive to 
repeat the full qualification procedure every time a small product change was made. 
The solution offered to this problem is the procedure for „reconfirmation of the 
HDB‟.  This is a survival test which involves holding samples under hydrostatic 
pressure at the 1,000 hour LPL value for 1,000 hours.  As per the standard, survival 
in this test indicates that the samples tested are at least as good as those originally 
qualified. 
4.2 The ultimate elastic wall stress (UEWS) 
UEWS is the maximum circumferential wall stress resulting from internal 
hydrostatic pressure or axial loads that produce an elastic deformation in any 
direction[111]. In this study UEWS tests are suggested and introduced as a short 
term requalification tests for glass/fibre reinforced pipes. 
While acknowledging the benefits of the current reconfirmation method HDB based 
on regression analysis providing an acceptable life prediction, the need among 
manufacturers for a rapid and effective method of monitoring changes in product 
quality has becomes imperative.  The UEWS test appears to provide an attractive 
alternative to this method. Frost and Cervenka [78] observed that „damage involving 
matrix cracking in composite materials is associated with observable non-linearities 
in elastic behaviour.  Procedures have been described and reported to a limited extent 
in the public domain for use with vinyl ester-based pipe as well as PVC‟.  
The main purpose of the UEWS test is to study the stress-strain response, and 
defining the maximum stress level in elastic zone [111]. The main advantage of 
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UEWS is that the test takes only a few hours per sample to perform, compared with 
the 1,000 hour HDB reconfirmation procedure.  The UEWS has been found to be 
sensitive to changes in key manufacturing and raw material parameters such as the 
quality of the „size‟ on the glass fibre, which influences the bond with the resin.  
These effects are not easily picked up in the ASTM2992 tests, and indeed the HDB 
reconfirmation procedure provides no product information other than a yes/no 
outcome. The sensitivity of the test to material and quality parameters has also been 
found to be superior to tests such as interlaminar shear and through-thickness 
strength . 
In practice the UEWS has been found to correlate well with the long term of lower 
confidence limit (LCL) value obtained from regression tests. However, assessment of 
this approach is that the exact significance of the measured quantity is not fully 
defined. 
4.3 Comparison between Procedures  
The main advantage claimed for procedures based on cyclic and static fatigue is that 
they provide a realistic statistical approach to establishing a long-term pressure rating 
when there is a slow deterioration of properties. For this reason it makes them 
attractive in connection with statistically-based design. The ASTM2992 confirmation 
test appears to have significant drawback due to the time needed to achieve the full 
qualification of new products (10,000 hours ~14 months). 
For new piping products, where the regression line slope is not identifiable in 
advance, this requires significant trial and error to determine the pressures to be used, 
which often results in a qualification period that exceeds two years.  Although it is 
generally agreed that proof of long term stability is desirable, long term static fatigue 
measurements may not be the best method of achieving this. Table 4.1 compares the 
main issues between the regression based on ISO 14692 and the UEWS procedure. 
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Table 4.1 Compares the regression-based ISO 14692 method and the UEWS 
procedure. 
 ASTM2992 procedures UEWS tests 
Time, expense 
and convenience. 
Expensive procedure 
requiring ~2 years to achieve 
qualification. 
Simple procedure, which can be 
carried out in less than day. 
Ability to define 
a long-term 
pressure rating. 
Provides the basis for a 20 
year design rating. 
Identifies a stress level, below 
which the rate of damage 
progression is very low.  This 
stress corresponds 
approximately to the stress 
determined by long term 
regression. 
Ability to 
quantify changes 
due to process 
and materials. 
HDB reconfirmation 
procedure is adequately 
sensitive to these effects, but 
takes a minimum of 1,000 
hours to perform and only 
provides a yes/no answer. 
Very sensitive to these effects. 
Ability to 
quantify effects 
of chemical 
environment. 
Limited. Limited. 
Table 4 Comparison between regression-based ISO 14692 method and  UEWS procedure 
 
4.4 Prediction of elastic modulus constants 
The main aim of this model was to predict the elastic moduli constants using the 
classic laminate theory by the rule of the Halpin-Tsai equation. 
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where: E is the Young‟s Modulus, V is volume fraction,   is Poisson ratio, and G is 
the shear modulus. Subscripts (f, m), (1, 2), and (e, s) represent fibre, matrix, fibre 
direction and transverse direction of the ply, and elastic, shear respectively. 
The laminate theory was used to calculate the elastic moduli, and then converted to 
derive the reduction of stiffness constants. 
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The above reduced stiffness constants were transformed to obtain the corresponding 
values in the coordinate system of the pipe wall, equivalent to a rotational of . 
Therefore, the transformed reduced stiffness constants are obtained by: 
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This leads to: 
 
)()22(
)2(2
)()4(
)2(2
44
66
22
6612221166
4
11
22
6612
4
2222
44
12
22
66221112
4
22
22
6612
4
1111
csCcsCCCCC
sCcsCCcCC
csCcsCCCC
sCcsCCcCC




                                (4.17) 
where: c, and s, are abbreviations for cos , and sin  respectively, and ijC  is the 
matrix of deformed stiffness constants. Finally, the elastic constants of the pipe wall 
are calculated using equation 4.15. The stiffness matrix is plotted as: 
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Axial and hoop elastic modulus in the single lamina can be calculated as:  
 662211
),1(),1( CGCECE xyxyyxHoopxyyxAxial               (4.19) 
where:  
 11122212 /,/ CCCC yxxy                                                         (4.20) 
4.5 Miner’s law interpretation of the UEWS test 
Miner‟s Law, an empirical law, was originally proposed to describe the development 
of cyclic fatigue damage in metals.  It provides a method of summing the damage 
produced by fatigue cycles of different magnitude, and can be extended to model and 
sum the effects of other types of damage.  When cycles of different magnitude are 
present, end of life is reached when 
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This expression applies where 1N  stress cycles occur at stress 1 ; 2N  cycles occur 
at stress 2 , and, in general, iN cycles occur at stress,  i .  ifff NNN ..., 21  etc are 
the corresponding numbers of cycles that would cause failure in a fatigue test at a 
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constant repeated stress of , i ..., 21 , etc.  The expression in equation 4.21 is 
known as the Miner‟s Law sum and represents one possible way of adding up the 
damage that occurs at different stress levels.  This approach has been widely used in 
the design of metallic structures from offshore platforms to aircraft. Miner‟s Law has 
been extended to non-metallic materials and it can be generalised to cover static as 
well as cyclic fatigue [91].  In static fatigue the numbers of cycles at different stress 
are replaced by periods of time, so equation 4.21 becomes: 
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In this case, ittt ..., 21  etc. are the times at a particular stress of i ..., 21  
and 
ifff ttt ..., 21 , are the corresponding times to failure at constant values of these stresses. 
Little work has been carried out for the case where both static and cyclic fatigue 
effects are present at the same time.  Often, it is sufficient simply to compare the 
Miner‟s Law sums for the two cases, when one will usually be seen to dominate.  It 
has also been proposed [78] that the sums of the two effects simply be added, so that 
failure is predicted to occur when 
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It may be reasonable to add these two sums, and it will be shown that the results thus 
obtained make good sense.  It is interesting to briefly consider the possibility that the 
cyclic fatigue effect may be solely due to the long term effect of the applied stress on 
the sample during the test.  A quick numerical check, involving neglecting the 
second term in the relationship above shows that this cannot be the case: there is 
indeed a significant cyclic effect, which must be taken into account in relevant 
situations.  It is interesting to determine whether the existing regression behaviour 
can be determined in terms of this relationship.  Combining equations 4.2 and 4.23 
allows the failure state to be predicted for loading histories containing both static and 
fatigue loading: 
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This can be applied to the UEWS test.  For a stress increment, Δ, the usual 
conditions of a cyclic loading period one minute and groups of 10 cycles, this is 
given by: 
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The terms in the first bracket relate to static loading, while those in the second are 
due to cyclic loading.  
4.6 Effects of crack density on properties 
An improved method of looking at pressure rating and lifetime modelling for GRE 
will probably require considerations of the crack density and the way it affects 
measurable quantities such as the elastic constants of the pipe and possibly acoustic 
emission.  Furthermore, a damage growth law is required to relate the change in 
properties with the loading history.  The parameter normally used to describe the 
damage state is the crack density, , measured in the ply transverse direction as 
shown in Figure 4.2.   is dimensionless, being defined as the ply thickness divided 
by the average distance between the cracks.  This provides a means of taking into 
account the well-known effect of ply thickness on crack growth.  It will be assumed 
that weepage occurs at a critical value of crack density,         , and that this value 
is the same regardless of how the weepage state is reached (i.e. by different 
combinations of static and cyclic loading or different combinations of internal 
pressure and axial load). 
Several authors have published papers on the effects of cracking in laminates, 
concluding that cracking results in a significant and measureable decline in elastic 
properties. The work of Gudmudson and Zhang [112] (1993) is useful, as they 
modelled the changes due to matrix cracks in thermoplastic properties of angle ply 
laminates, as used in pipes.   
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Figure 54 Matrix micro-cracks in a filament wound ±55º  glass epoxy tube 
Figure 4.2. Matrix micro-cracks in a filament wound ±55º angle ply glass epoxy tube 
[5]. 
 
As there is relatively little crack growth resistance in the fibre direction, the cracks, 
once initiated, grow rapidly in this direction.  The rate-determining process in 
damage propagation, therefore, is crack initiation, rather than growth.  Frost and 
Cervenka [78] (1994) proposed a damage growth model for GRE pipe using a 
relationship similar to the Paris Law for crack growth in metals.  The modified Paris 
Law describes the rate of change of crack density, rather than the growth of a single 
crack so, for the case of cyclic fatigue 
 nA
dN
d


                                                                                                  (4.26) 
If this can be generalised to consider the effects of static as well as cyclic fatigue, 
then: 
 dNBdtAd mn                                                                                 (4.27) 
This provides a further method of summing the damage that occurs in the material. 
The use of power law relationships has no particular justification, other than the fact 
that power law-based relations have been used previously to describe crack growth.  
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It is interesting, however, that the form of the crack growth law, equation 4.27, is 
analogous to Equation 4.23 above, which resulted from Miner‟s Law. This lends 
support to both types of model.  The constants, n and m in equation 4.27 are 
equivalent to 1/G and 1/J in equation 4.24. One interpretation of the Miner‟s Law 
Sum, therefore, is that it is not just an empirical measurement of damage 
accumulation, but a real quantity related to the crack density within the laminate.  
As mentioned above, it is usual in the UEWS test, to measure either the axial or the 
hoop strain during the application of the hydrostatic pressure cycles.  These strains 
are given by 
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For the case where axial strain is measured, and 
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for hoop strain measurement.  
Noting that the quantities 
AH E and  HH E  are elastic properties with the units 
of modulus it is possible to define effective UEWS test-related Young‟s moduli, so 
that: 
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These quantities are easy to measure in a pressure test, whereas the conventional 
axial and hoop Young‟s moduli would require a different type of experiment.  The 
measured values of these UEWS quantities in the undamaged state for Future Pipe 
GRE are 12 GPa and 20 GPa, respectively.  
Values for the dimensionless analogues of   
      and   
     can be calculated from 
the results of Gudmudson and Zhang [112]. In terms of the debate about which 
quantity, axial or hoop strain, should be used for the UEWS test this appears to 
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suggest that the axial strain is most sensitive to changes, by a factor of about 4.  
However, it should be borne in mind that, as mentioned above,    
      is 4 times 
larger than   , so, in practice there should be little difference between the 
observed strain levels in the test. It is useful to have a numerical model for the 
obtained data which can be provide the crack density level up to weepage and 
described by linear approximations figure (4.3), so that 
 
                                                                                 (4.32)                
And 
                                                                                     (4.33) 
 
 
Figure 55 Dimensionless change in ‘hydrostatic/axial modulus’ and ‘hydrostatic/ hoop modulus’ 
Figure 4.3. Dimensionless change in ‘hydrostatic/axial modulus’ (hoop stress 
divided by axial strain) and ‘hydrostatic/ hoop modulus’ (hoop stress divided by 
hoop strain) with increasing crack density.  Calculated from the results of 
Gudmudson and Zhang for angle ply laminate. 
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If, as proposed above, the crack density is related to the Miner‟s Law Sum, as 
defined in equation 4.25 then it may be possible to express this relationship in the 
form: 
                                                 (4.34) 
It should therefore be possible to use the Miner‟s Law Sum to deduce the variation in 
elastic constants. Substituting equation 4.34 into equation 4.32 gives the change in 
elastic behaviour, so that 
                                     (4.35) 
Strain in both 1
st
 and 10
th
 cycles can be then estimated from the conventional stress 
strain relationship as follows: 
    
  
  
      
4.7 Modelling of the UEWS and failure envelops  
4.7.1 Model A 
Since each ply is constrained by plies of different orientation above and below it, as 
in figure 4.2, cracks only spread, at least initially, within each ply.  The initiation of 
these cracks is governed by the stress (or strain) state in the ply. The crack initiation 
process is driven by an interactive combination of stresses on the ply which is 
probably best described by a „polynomial‟ expression, similar to the widely used 
polynomial failure criteria, which takes into account these stresses and their 
interactions: 
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And since,  
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Then,  
               
                                                                             (4.37) 
            
                                                                              (4.38) 
                                                                                   (4.39) 
The subscripts, 1,2 and 12 denote, respectively, tensile stresses parallel and 
perpendicular to the ply, and the shear stress and r is the hoop to axial stresses ratio. 
The starred terms refer to stresses at failure.  k1 and k2 are fitted parameters that 
describe, respectively, the importance of the interactions between the two tensile 
stresses and between 2 and 12.   
The stresses in equation 4.36 can be expressed in terms of the pipe wall stresses. This 
enables the damaging effects of all stresses to be expressed in a single relationship. 
Since equation 4.36 takes into account the effect of all the stresses acting on the ply, 
it can be used to model lifetime behaviour under a range of different stress 
conditions, including those involving axial loads on the pipe, in addition to 
hydrostatic ones. 
4.7.2 Model B 
In model B, the maximum stress criterion was considered to predict the UEWS 
envelope for GRE pipes. It is assumed that failure will start and develop when 
stresses parallel and perpendicular to the fibres exceed the appropriate critical value. 
This can be mathematically written as: 
       
 ,             
     ,          
                                                        (4.40) 
Failure will occur when any of the conditions in equation 4.40 has investigated 
depends on the associated failure modes. This criterion involves interactions between 
the modes, since each mode is presented independently. The stress condition parallel 
to the fibres is rarely used, because the pipe usually fails due to matrix cracking or 
shearing. In this model,  ,     and interaction between them  are considered for  
UEWS envelope modelling.  
96 
 
Equations 4.38, 4.39 were used to evaluate the stresses in shear and transverse 
directions in terms of hoop stress. Then both transverse and shear stresses are divided 
by the corresponding critical value as below: 
 
*
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2
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
,                                
*
12
12


                                                                     (4.41) 
Since  
       
                                                                                (4.42)   
When, failure dominated by matrix cracking (axial dominated loading).              
       
                                                                      (4.43)  
When, shear failure is dominant (hoop dominated loading). 
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5 CHAPTER 5  
RESULTS AND DISCUSSION 
 
The experimental results of the testing of glass/fibre reinforced epoxy (GRE) pipes 
are presented in this chapter. The ultimate elastic wall stress and stress-strain results 
are presented in the first part of the chapter in relation to a range of biaxial loading of 
0:1, 0.5:1, 1:1, 2:1, 4:1, 1:0 hoop to axial stress ratio. Next, the plots of tensile and 
flexural 100s creep modulus are discussed before the failure modes observed in the 
UEWS tests, and micro structural examinations of the failed samples are considered. 
Finally the UEWS and failure envelopes at different temperatures are presented.  
5.1 Ultimate elastic wall stress (UEWS) tests 
As mentioned in the previous chapter the UEWS test reflects the cyclic fatigue 
behaviour of glass/fibre reinforced pipes under biaxial loading. The main outcomes 
of the test are a definition of the elastic limit zone in the form of an envelope and the 
stress-strain response. 
5.1.1 UEWS results under pure axial loading (0:1) 
Figure 5.1 shows the stress-strain responses and UEWS points of the MDA ±55⁰ 
GRE pipe at room temperature (a), 65⁰C (b), and 95⁰C (c) as well as the pipe strain 
history during UEWS test at room temperature (d). The axial strain was positive in 
the range of surrounding temperature tests. Most of the stress-strain curves exhibited 
linear behaviour until the UEWS point, and then significant non-linearity occurred 
up to final failure due to permanent deformation beyond the elastic limit. This non-
linearity was possibly attributed to a combination of matrix microcracking and 
matrix plasticity. At room temperature the UEWS test yielded an axial stress of about 
53MPa and an axial strain response of about 0.48%. These values were reduced by 
20% and 5% respectively at 65⁰C.  At 95⁰C the UEWS and axial strain failed by  
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Figure 56 Stress-strain relationships, strain plot and UEWS points under pure axial loading 
Figure 5.1 Stress-strain relationships and UEWS points under pure axial loading for ±55⁰ fibre/glass epoxy pipes (a) at room 
temperature, (b) at 65⁰C, and (c) at 95⁰ C. (d) is the axial strain plot during the UEWS test at room temperature. 
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28%, 27% respectively comparing with those at room temperature. Figure 5.1 (c) 
shows the non-linearity started slightly before the UEWS point. This could be due to 
the viscoelastic behaviour of the matrix at elevated temperatures. After the UEWS 
point there is significant deviation from a linear path in the stress-strain curve, 
possibly due to the high interaction between shear and transverse stresses. 
Final failure was noted as a helical delamination following fibre direction, with a 
maximum axial stress of 70MPa at room temperature. This could have occurred as a 
result of the high stress applied in the axial direction in order to produce final failure, 
where the pressure applied inside the pipe was zero. The failure stress fell by 15% 
and 28% at 65⁰C and 95⁰C respectively. An only slight reduction in pipe strength 
was noted as the temperature increased. 
5.1.2 UEWS results under 0.5:1 hoop to axial stress 
In order to investigate this ratio, the pressure inside the small chamber was four times 
higher than that in the main chamber. Figure 5.2 shows the stress-strain response and 
UEWS points at room (a), 65⁰C (b), and 95⁰C (c), as well as the strain plots at 95⁰C 
(d). At room temperature, the stress-strain relationship was linear until about 31MPa. 
The curves then slowly deviated from linearity beyond the UEWS level up to final 
failure at 40MPa. The UEWS fell to 26 MPa at 65⁰C, with a percentage of 35% 
failing. However, at 95⁰C, only a slight reduction of 8% was noted in the pipe 
strength comparing to those at 65⁰C. Over the range of temperatures the axial strains 
at weepage level were positive between 0.5-0.7%. 
The slow deviation in the stress-strain curve after the UEWS point could be due to 
the law shear stress and little debonding was taking place. Final failure was 
associated with the weepage of liquid resulting from a cumulative matrix cracking 
over time. 
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Figure 57 Stress-strain relationships, strain plot and UEWS points under 0.5:1 stress ratio 
Figure 5.2 Stress-strain relationships and UEWS points at 0.5:1 hoop to axial stress for ±55⁰ fibre/glass epoxy pipes (a) at room 
temperature, (b) at 65⁰C, and (c) at 95⁰C. (d) is the axial strain plot during the UEWS test at 95⁰C. 
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5.1.3 UEWS results under 1:1 hoop to axial stress 
Equal levels of hoop and axial stresses were investigated by applying pressure in the 
small chamber twice that in the main chamber. Figure 5.3 shows the pipe‟s stress-
strain response in the tests, the UEWS points at room temperature (a), 65⁰C (b), and 
95⁰C (c) and the strain plots of the pipe at 65⁰C (d). Linear stress-strain behaviour 
was observed up to the UEWS point at about 75MPa and 67MPa at room 
temperature and 65⁰C respectively. Then the curves became dramatically non-linear 
up to final failure at 92MPa for room temperature and 82MPa for 65⁰C. 
Nevertheless, the pipe strength at 95⁰C was 3% greater than that recorded at room 
temperature. This increment was possibly due to the residual stresses generated 
during pipe manufacture and curing and being released with loading. 
On the other hand, the elastic limit achieved for the range of temperatures was 
between 66-76MPa. The positive axial strain in this case enables cracks to develop in 
the matrix parallel to the fibre direction, with weepage eventually occurring as a 
result of saturation from cumulative matrix microcracking. 
At 95⁰C viscoelasticity also disrupted the linearity of the stress-strain relationships in 
the two cycle groups before the UEWS point. Figure 5.3 (d) shows that permanent 
deformation started in the eighth cycle group, conforming to the point in the stress-
strain diagram when curvature occurred. 
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Figure 58 Stress-strain relationships, strain plot and UEWS points under 1:1 stress ratio 
Figure 5.3 Stress-strain relationships and UEWS points at 1:1 hoop to axial stress for ±55⁰ fibre/glass epoxy pipes (a) at room 
temperature, (b) at 65⁰C, and (c) at 95⁰C,. (d) is the axial strain plot during the UEWS test at 65⁰C.
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5.1.4 UEWS results under pure hydrostatic pressure (2:1) 
Figure 5.4 shows the pipe performance under pure hydrostatic pressure at room 
temperature (a), 65⁰C (b), and 95⁰C (c). The applied stress and corresponding strain 
are represented in hoop and axial directions respectively. The relationship is shown 
to be linear, and both hoop and axial strains are positive. However, at pressures 
above 170MPa a well defined transition to non-linear behaviour occurred up to final 
failure at about 220MPa. The departure from linearity in the stress-strain curve is due 
to the interaction of transverse and shear stresses and by exceeding the critical value 
of these stresses.  
The UEWS increased by 10% at 65⁰C and 95⁰C, possibly due to the presence of 
residual stresses from pipe manufacture and cure. Weepage was observed after the 
formation of lines of very small droplets parallel to the fibre direction, associated 
with of the matrix microcracks developing in the transverse direction as well as 
delamination.  
Pipes under loading of 2:1 hoop to axial stresses provided the longest-lasting linear 
behaviour before plasticity was observed among all the conducted stress ratios. This 
level of performance found agreement with netting analysis, assuming that the 
principle stresses generated in the ply are parallel to fibre direction and transverse 
stress is zero. If is difficult to compare the results observed here with those of Hull 
(1975) [31], who conducted UEWS testing on glass/fibre reinforced ±55◦ pipes, 
since different materials and technology were used then. However, the ratio of 
UEWS to weepage stress appears to be promising in terms of both the comparison 
and modelling. The current results give a ratio of 75% UEWS to weep stress, 
compared with 76% reported by Hull. This indicates that the linear response 
represents about 75% of the load history from zero to weepage, whereas, non-
linearity occurs during only 25%. A noticeable drop in the strain reading occurred for 
the unloading condition after the fifth cycle group as figure 5.4 (d). This reduction 
was possibly due to the loss of mass as the cracks were initiated and propagated in 
the elastic zone indicating that cracks started before the UEWS point. 
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Figure 59 Stress-strain relationships, strain plot and UEWS points under 2:1 stress ratio 
Figure 5.4 Stress-strain relationships and UEWS points at  2:1 hoop to axial stress for ±55⁰ fibre/glass epoxy pipes (a) at room 
temperature, (b) at 65⁰C, and (c) at 95⁰C. (d) is the axial strain plot during the UEWS test at 65⁰C.
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5.1.5 UEWS results under 4:1 hoop to axial stress 
Figure 5.5 shows pipe performance under a 4:1 stress ratio at room temperature (a), 
65⁰C (b), and 95⁰C (c) and the strain plots of the test conducted at room temperature 
(d). This ratio was investigated by applying half the level of pressure in the small 
chamber compared to that in the main chamber. At the 4:1 stress ratio the pipe 
appear to provide the highest performance of all the ratios tested in terms of failure. 
Leakage occurred at 420MPa with a high strain response of 2.5% at room 
temperature. The pipe strength failed by approximately 12% at 65⁰C, whereas, the 
hoop strain showed only negligible decrease. This could be due to the pipe becoming 
more ductile as the temperature increases. At 95⁰C the leakage occurred at 320MPa 
with failing of about 25% from those at room temperature, and again the hoop strain 
did not decline.  
Permanent deformation began to influence the linearity of the stress-strain curve at 
early stage of loading as shown in figure 5.5 (d). An irreversible strain was noted 
after the fifth cycle group as the load increased. The stress-strain response was linear 
for only 35% of the load history, and then a massive plastic deformation took place 
up to final failure. This explains the observed high levels of strain in the hoop 
direction. Final failure was noted as small jet leakage, which occurred within a few 
millimetres of a single location near to the pipe‟s reinforced end, and was due to 
stress concentration. 
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Figure 60 Stress-strain relationships, strain plot and UEWS points under 4:1 stress ratio 
Figure 5.5 Stress-strain relationships and UEWS points at 4:1 hoop to axial stress for ±55⁰ fibre/glass epoxy pipes at (a) at room 
temperature, (b) at 65⁰C, and (c) at 95⁰C. (d) is the axial strain plot during the UEWS test at room temperature.
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5.1.6 UEWS results under pure hoop loading (1:0) 
In this arrangement the pipe ends were free to slide on the O-ring and therefore the axial 
stresses were transmitted to the shaft attached the pistons. As a result axial stress would be 
zero in the pipe wall. Figure 5.6 shows the UEWS results and stress-strain of the pipe under 
pure hoop loading at room temperature (a), 65⁰C (b), and 95⁰C (c). When the pipe was 
pressurized with wall stress increments of about 5MPa/minute, a linear elastic response was 
observed. This linearity continued until hoop stress of 95MPa at room temperature, 85MPa at 
65⁰C, and 60MPa at 95⁰C. The curve then slowly deviated from linearity after the UEWS 
point up to final failure, as shown in figure 5.6 (d). When the pressure was increased above 
the UEWS, both axial and hoop strains developed smoothly up to the equivalent strain to 
200MPa. At these stress level white lines parallel to the fibres appeared along the pipe wall, 
showing high levels of strain developing up to final failure. 
The hoop strain was positive with maximum percentages of 1.8-2% over the range of 
temperatures. Since the pipe had free ends, the positive hoop strains were followed by a 
negative axial strain of about 1.7-1.9%. The negative strain in the axial direction prevented 
the matrix from developing cracks along the pipe wall. Delamination eventually caused 
between fibres wound at different angles, and appeared as patches of uniformly white regions 
on the pipe wall. However, at high pressure corresponding to 300MPa in the case of room 
temperature conditions, leakage occurred suddenly in the form of fine jet through macro 
cracking near to the pipe end. This was due to massive buckling at high levels of stress which 
eventually caused rupture. The fibres failed near to the pipe end where the stress may have 
become most concentrated.  
Despite pipe performance decreasing by 10% at 65⁰C, the hoop strain remained at 2.0% due 
to the pipe‟s ductility at high temperatures.  At 95⁰C the pipe showed marked reduction in 
strength of 30%, recording 210MPa and an axial stain of -1.9%. 
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Figure 61 Stress-strain relationships, strain plot and UEWS points under pure hoop loading 
Figure 5.6 Stress-strain relationships and UEWS points under pure hoop loading for ±55⁰ fibre/glass epoxy pipes at (a) at room 
temperature, (b) at 65⁰C, and (c) at 95⁰C. (d) is the axial strain plot during the UEWS test at 95⁰C.
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Table 5.1 listed the transverse    and shear stresses     at weepage stress level. 
These were obtained from the multiplication of axis stresses (     ) and 
transformation matrix [T]. Transverse and shear stresses enables to compare and 
recognise failure modes for the conducted stress ratio tests. For example, final failure 
for ±55⁰ GRE pipes under pure axial load was associated with a combination of 
shear and transverse stress, which caused transverse cracking and delamination, and 
governed by transverse stress. While neither transverse nor shear stresses had 
reached the critical values of about 60MPa. Also failure in case of 1:1 stress ratio 
was dominated by pure transverse stress, and damage started when    exceeded the 
critical value of transverse stress at stress level compatible with the UEWS point. 
Table 5.1. Transverse and shear stresses at failure point for ±55⁰ GRE pipes.   
Stress ratio 
(H:A) 
UEWS 
(MPa) 
Failure stress 
(MPa) 
Transverse stress 
(MPa) 
Shear stress 
(MPa) 
0:1 53 70  47 -32 
0.5:1 32 42 67 -19 
1:1 75 95  94 0 
2:1 180 220  145 51 
4:1 160 420 208 148 
1:0 95 300  97 141 
Table 5Transverse and shear stresses at failure point 
5.2 Axial and hoop Young’s modulus measurements 
Simple 100s pull tests were carried out on the conditioned pipe specimens to 
determine the axial and hoop modulus. Figure 5.7 shows the test setup arrangements 
for both hoop and axial modulus measurement. The 100s axial and hoop moduli tests 
were conducted for two separate packages of pipes each in different conditions: 
virgin, halfway to UEWS, at the UEWS, and weeping pipes.  
The main purpose of carrying out these tests was to define and follow the decline in 
pipe stiffness at different load levels. Figure 5.8 shows the stress-strain diagram of 
the pipes of different conditions under a 2:1 hoop to axial stress ratio. The elastic 
modulus was determined in the axial direction from the linear regression of the 
stress-strain curve as the average of line slope. Figure 5.8 also shows the initial 
reduction in the axial modulus, which stabilized with a negligible reduction at 50% 
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of the UEWS at 90MPa. Subsequently a notable reduction of approximately 14% 
occurred at the UEWS point, when serious damage possibly started to develop. 
Weeping pipes showed a total reduction of 33% compared to those in virgin 
condition. Non-linear behaviour in the stress-strain responses was noted even at low 
levels of loading at UEWS and weeping condition. The non-linearity might be due to 
exceeding the elastic limit under these test conditions, and the pipes did not appear to 
achieve linearity afterwards.  
Figure 5.9 shows the stress-strain responses of the pipe in the hoop direction under a 
2:1 hoop/axial stress ratio. The elastic modulus was determined in this direction from 
equation 3.13 based on the linear regression. From the regression line the hoop 
elastic modulus is about18GPa in the case of virgin pipe. The degradation in pipe 
properties started at quite an early stage of loading compared with those in axial 
direction. At 50% UEWS the hoop elastic modulus failed at 17.5GPa with a 
reduction of approximately 4%. At the UEWS point, the hoop elastic modulus failed 
by 8% compared to those at virgin condition. The weeping pipes showed a total 
reduction in hoop elastic modulus of about 18% at 14.8GPa. 
 
 
Figure 62 Test set ups to measure Young’s modulus 
Figure 5.7.  100s ring and axial  test set ups to  measure the  elastic modulus of  ± 
55⁰ GRE pipe specimens. 
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Figure 63 Degradation in axial elastic modulus for conditioned pipes under 2:1 stress ratio 
Figure 5.8.  Stress-strain response in axial direction of the conditioned ±55⁰ 
glass/fibre epoxy pipe under 2:1 hoop/axial stress ratio. 
 
 
Figure 64 Degradation in hoop elastic modulus for conditioned pipes under 2:1 stress ratio  
Figure 5.9 Stress-strain responses in hoop direction of the conditioned ±55⁰ GRE 
pipes under a 2:1 stress ratio. 
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It can be concluded that under the 2:1 stress ratio the hoop elastic modulus of the 
pipes tested showed a smooth reduction throughout the load history, whereas the 
axial elastic modulus dramatically fell after the UEWS limit. Figure 5.10 shows the 
elastic modulus degradation as the UEWS test progressed. 
 
 
Figure 65 Axial and hoop elastic modulus degradation in different conditions 
Figure 5.10 Axial and hoop elastic modulus degradation in different conditions. 
 
5.3 Failure modes 
Since glass/fibre reinforced composites exhibit anisotropic structures, various failure 
mechanisms may be noted depending on stress state. Some published studies have 
defined final failure in composite pipes as complete bursting. In this study, however, 
the first failure that caused leakage through the pipe wall is considered to be final 
failure. The failure modes in this investigation are classified into four modes depends 
on the pipe wall stress state, as follows. 
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5.3.1 Mode I 
Mode I involves weepage at high pressure levels, where small droplets leak through 
the pipe wall. Weepage was frequently observed in the pipes under hoop to axial 
stress ratios of 2:1, 0.5:1, and 1:1, and it generally occurs due to the presence of a 
network of transverse matrix cracks which form over time. Figure 5.11 shows a 
photograph of a glass/fibre epoxy pipe which failed in weepage mode at room 
temperature. 
The earliest stage of weepage starts with cracks initiated in the transverse direction, 
and these then propagate in terms of size and number. These are then followed by 
nose up to a stage when the liquid can find pathways to spread on to the pipe surface. 
Even though weepage occurs at different stress levels at different stress ratio, water 
droplets found along the pipe length were common in all cases. For example, weep 
 
 
Figure 66 Weepage mode 
Figure 5.11 Glass/fibre reinforced epoxy pipe with ±55⁰ winding angle which failed 
by weepage (mode I) under a 2:1 hoop to axial stress ratio at room temperature. 
  
114 
 
stresses were 40MPa, 92Mpa, and 220MPa for the stress ratios of 0.5:1, 1:1, and 2:1 
respectively. This indicates that failure mechanisms in this mode have similar 
behaviour depending on the direction of stress. Elevated temperatures have no effect 
on the failure mechanism itself, but do influence the stress level where weepage 
occurs.  
5.3.2 Mode II 
Pipes failing under pure axial loading in mode II (delamination) develop macro 
helical cracks following the fibre direction which tend to occur along the pipe‟s 
circumference. This type of failure is dominated by matrix cracking and occurs when 
a critical axial strain is reached. Since the matrix strength is much lower than that of 
fibres, the pipes subsequently fail at relatively low stresses having formed extensive 
matrix cracks parallel to the fibres. As shown in figure 5.12 cracks initiated in the 
matrix between the fibres and then propagate parallel to the winding angle along the 
pipe length. The reinforced layer parallel to the crack remains intact, whereas 
complete fracture takes place in the opposite reinforcement.  
As mentioned above, final failure for ±55⁰ GRE pipes under pure axial loading 
occurrs at different stress levels depending on temperature. For example, pipes failed  
suddenly and rapidly at room temperature at 70MPa, this stress level failed by 15%, 
28% at 65⁰C and 95⁰C respectevily. The failure mechanisim remains the same as 
temperature increases, but the only strain increases due to resin ductility, so that the 
strain reaches a critical value at lower stress level. This observation has also been 
reported by Soden (1993) [32], Ellyin (1997) [113], Hale (2000) [11], and Garret 
(2008) [2]. 
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(a) 
 
Figure 67 Mode II a helical delamination 
(b) 
Figure 5.12 Glass/fibre reinforced epoxy pipe with ±55⁰ winding angle which failed 
by delamination (mode II) under pure axial loading at 25
o
C (a) and at 65⁰C (b). 
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5.3.3 Mode III 
Local leakage occurring near to the pipe end is classified as mode III, and is 
significantly different from the weepage described in mode I. It is observed when 
pipes are subjected to the 4:1 hoop to axial stress ratio, and appears as a small single 
jet of water spraying from a macro crack of 20-30mm in length. This crack usually 
occurred near to the pipe end due to stress concentration there, as shown in figure 
5.13. The water jet started with a small amount of leakage and then the magnitude of 
the jet increased as the test progressed. Eventually a macro crack becomes prominent 
on the pipe surface.  
However, along the pipe length the fibres take on an opaque appearance due to the 
coarse striations parallel to the reinforcement. This has been observed to indicate the 
presence of delamination, according to Jones and Hull (1979) [61]. This is also called 
whitening which usually happens in cases where hoop loading is dominant. 
Whitening occurs as a result of delamination and shearing in the fibre/matrix 
interface. The shear starts in an earlier stage of loading, but the low levels of axial 
strain limit any matrix microcracking from developing and causing premature failure.  
 
Figure 68  Mode III, local leakage  
Figure 5.13. ± 55⁰ glass/fibre pipe tested under 4:1 hoop to axial stress which failed 
by mode III. 
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5.3.4 Mode IV 
As mentioned above, when the pipe ends were free to slide on the O-ring, axial load 
would transmit from the pipe wall to the shaft. This allows stresses to be developed 
only in the hoop direction causing positive tensile strain in this direction 
accompanied by negative axial strain. In these strain conditions, pipes eventually 
exhibit a marked increase in diameter, decreasing in length and with fibre orientation 
changing.  
The negative axial strain limits the development of matrix cracking which would 
cause weepage along the pipe length. However, the high positive hoop strain leads to 
high interlaminar shear strain. This concentrates the transverse compressive stress in 
the matrix, causing a massive shear in the fibre/matrix interface. As the test 
progresses whitening appeared in the room temperature and 65⁰C tests at stress 
levels between 180-200MPa.    
In the very last stage of loading, failure occurred suddenly without any warning or 
visible development. At high stress levels the pipes started to buckle, as shown in 
figure 5.14, and rapid ruptures caused fractures in the fibres and complete destruction 
of the matrix. This fracture was noted near to the pipe end where the stresses may 
have become concentrated, as illustrated in figure 5.15. Small local jets in the 
specific areas of failure were classified as final failure. 
At 95⁰C the pipe failed in a different way, where small local jets were found near to 
the pipe ends but without rupture or buckling as shown in figure 5.16. This was noted 
also by Saied (2004) [114], who reported that “the tubes exhibited extensive 
deformation leading to catastrophic failure at the gauge length.  This is probably 
related to the plasticization of the resin which may allow the matrix to accommodate 
the interlaminar shear strain without failure.  Furthermore, the localised compression 
of the fibre bundles would tend to reduce the flow of the matrix under the influence 
of the internal pressure and would hence militate against liquid penetration”. 
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Figure 69 Pipe buckled under pure hoop loading 
Figure 5.14. Buckling of glass/fibre ±55⁰ winding angle pipe under pure hoop 
loading at 65⁰C. 
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Figure 70 Mode IV, rupture due to buckling 
Figure 5.15. Rupture in glass/fibre ±55⁰ winding angle pipe under pure hoop 
loading at room temperature, due to buckling. 
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Figure 71 local leakage occurred under pure hoop loading at 95⁰C 
Figure 5.16. Small local jet as the failure mode of ± 55⁰ glass/fibre pipe tested under 
pure hoop loading at 95⁰C. 
 
5.4 Microscopic analysis 
The different failure modes lead to variety of types of cracks and shapes of 
delamination, which can be distinguished by microscopic analysis and observations. 
The evaluation of crack shape and density causing weepage are the main outcomes of 
such analysis. After the sequence of polishing and grinding procedures described in 
chapter three, failed samples were examined by electronic microscopy. Failed pipe 
samples under the 2:1 stress ratio were cut from the centre of the gauge length with 
an angle parallel to the fibre orientation of 55⁰. Each sample was then magnified so 
as to clearly recognise the -55⁰ ply with fibres of circular shape and longitudinal 
fibres of +55⁰ ply as in figure 5.17. The visible black spots are voids formed during 
the pipe manufacturing and curing process.  
As the load increases the fibres start to debond from the matrix, initiating cracks in 
the fibre/matrix interface. These cracks then grow in the matrix and join together as 
horizontal cracks between the plies, as illustrated in figure 5.18. Figure 5.19 shows 
that the cracks are apparently initiated from the voids and then propagate parallel to 
Location of water 
jet 
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fibres, being restricted by neighbouring ply interference. This processing relates 
stress concentration at the voids. Fibres tend to lie at an angle of ±55⁰ to the main 
pipe axis, and the cracks propagate in the resin between the fibres.  As a result the 
fibres remains intact and delamination between the plies then takes place appearing 
as cracks. 
 
Figure 72 Micrograph of a cross-section of ± 55⁰ GRE pipe tested under a 2:1 biaxial loading 
Figure 5.17. Photo-micrograph of a cross-section of ± 55⁰ glass/fibre epoxy pipe 
under a 2:1 biaxial loading at room temperature. Crack spacing and ply thickness 
are measured. 
 
As discussed in chapter 2, composites exhibit a sequence of damage lead to final 
failure either by weepage, delamination or rupture. Weepage is caused by matrix 
cracking which depends on matrix strength.  The crack density was estimated from 
the measured crack length and ply thickness, dividing the latter by crack spacing. Ply 
thickness among the samples examined was between 0.33-0.43mm, whereas crack 
spacing measured in the range between 0.84 and 1.15 mm. Weepage then occurred 
with crack density between 0.3-0.4. Saturated crack density  was found to be 
consistent with the predictions of Gudmundson (1993) [112] and Saeid (2004)[114].  
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Figure 73 Crack path across  pipe wall 
Figure 5.18. Typical crack path across the pipe wall. Cracks are initiated at the 
fibre/matrix interface followed by matrix cracking, and delamination between plies. 
 
Figure 74 Transverse microcracks initiated in the void pocket and propagated through the ply thickness 
Figure 5.19. Optical micrographs of polished samples from ± 55⁰ glass/fibre epoxy 
pipe, with transverse microcracks initiated in the void pocket and propagated 
through the thickness of the lamina. 
Cracks Delaminati
on 
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5.5 UEWS and failure envelopes  
All the envelopes provided by previous researchers in the field of filament wound 
composite pipes refer to the final failure state. However the UEWS and final failure 
envelopes were found at positive internal pressure in this study of ±55⁰ GRE pipes. 
The envelopes are plotted as biaxial principle stress (hoop stress versus axial stress). 
The slope of the line connecting the original points to each data point indicates the 
stress ratio of biaxial loading. These envelopes can indicate product strength under 
different loading conditions, and appear to be sensitive to changes in parameters such 
as temperatures. The collected UEWS and failure stresses are fitted in the form of 
envelopes showing the effects of testing at elevated temperatures. 
5.5.1 UEWS and failure envelopes at room temperature 
Figure 5.20 shows the UEWS and failure envelopes for the ±55⁰ glass reinforced 
pipes at room temperature. These pipes were tested under six biaxial load conditions 
with axial-dominating and hoop-dominating loads. 
 
Figure 75 Failure envelope for ±55⁰ GRE pipes at room temperature 
Figure 5.20. Failure envelope for ±55⁰ glass reinforced pipes at room temperature. 
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The general form of the failure envelope is as might be expected, showing high 
strength over the full range from pure axial to pure hoop loading. The graph appears 
to show that the maximum strength up to weepage provided by the pipes was under 
the 4:1 stress ratio at about 420MPa. The pipe strength failed by 28% under pure 
hoop loading (300MPa) comparing with those at 4:1. Pipes dominated by axial 
loading are low in strength, being only 70MPa under pure axial loading. Strength 
then gradually increases at about 80MPa at 0.5:1, 90MPa at 1:1 and 220MPa at 2:1 
stress ratio. The strength tends to increase as the hoop stress is dominate due to the 
deviation of principle stresses to the ideal angle of 55⁰ to be taken by the fibres.  
On the other hand, the UEWS envelope seems to be narrower than that for failure, 
where the highest linear relationship between stress and strain was under the 2:1 
stress ratio at 180MPa. This agrees with the interpretation of the Netting analysis, 
where the ideal angle to carry loads at the ratio 2:1 before any observed damage is 
55⁰. The UEWS is then reduced under the other of stress ratios to be 50MPa and 
95MPa at pure axial and pure hoop loading respectively. Marked permanent 
deformation was also noted in the hoop dominating load sector. This might clearly 
indicate the presence of shear and delamination which caused final failure at high 
strain levels. Also, the negative strain in the axial direction is keeping the cracks 
close and limits matrix cracking from developing so that no weepage at earlier stages 
of loading.       
5.5.2 UEWS and failure envelopes at 65⁰C 
Generally at 65⁰C, both the failure and UEWS envelopes become narrower 
compared with those at room temperature. At elevated temperatures the water acts as 
a plasticiser which eventually lowers the glass transition temperature of the resin. 
This can change the matrix material into an amorphous state; a conversion 
influencing material stiffness by decreasing the elastic modulus. In addition, the 
changes in state allow the passage of liquid between the fibres even though the pipe 
remains intact in most cases, although eventually causing failure by weeping. 
However, the pipes appear to be more stable under the 2:1 stress ratio, recording 
UEWS of 190MPa and 220MPa for final failure. This could be due to the pipe‟s 
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ductility at elevated temperatures or the possibility residual stresses after the 
manufacturing and currying processes.    
The UEWS at axial dominated sector failed with the range of 5-15 % at 65⁰C from 
those at room temperature, whereas, it is failed by 5-10% at the cases where hoop 
stress is dominated. Failure strength has a maximum failing of 15 % under the 4:1 
stress ratio, and between 5 to 10% for the other stress ratios as illustrated in figure 
5.21.  
 
Figure 76 Failure envelope for ±55⁰ GRE pipes at 65⁰C 
Figure 5.21. Failure envelope for ±55⁰ glass reinforced pipes at 65⁰C. 
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Glass reinforced pipes exhibited lees strength over the full range of loading 
conditions at 95⁰C. This result is consistent with those previous obtained by Hale et 
al (2000) [11] and Saied (2004) [114]. This reduction was considerable under pure 
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temperatures due to resin mutability. The stress ratios of 0.5:1 and 1:1 led to 
reductions in pipe strength between 20-25%. 
Although the pipe failure stresses have a reduction in all stress ratios at 95⁰C, this is 
not true of the UEWS envelope. The latter has sharp narrowing forward to the 
original point as shown in figure 5.22.  
 
 
Figure 77 Failure envelope for ±55⁰ GRE pipes at 95⁰C 
Figure 5.22. Failure envelope for ±55⁰ glass reinforced pipes at 95⁰C. 
 
The narrowing of the envelopes with increasing temperature could be due to the high 
susceptibility of the resin component to the water absorption effects compared to the 
fibre. However, the UEWS at 2:1 stress ratio remains the same as those at 65⁰C, 
possibly again due to the presence of residual stresses. Figure 5.23 summarises all of 
the UEWS and failure envelopes at room temperature, 65⁰C, and 95⁰C for ±55⁰ glass 
fibre reinforced epoxy. 
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Figure 78 Summering of failure and UEWS envelopes for ±55⁰ GRE pipes at room temperature, 65⁰ C and 95⁰ C 
Figure 5.23. Summering of failure and UEWS envelopes for ±55⁰ glass reinforced 
pipes at room temperature, 65⁰ C and 95⁰ C. 
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6 CHAPTER 6  
ACOUSTIC EMISSION AND MODELLING 
RESULTS  
 
This chapter presents the acoustic emission observations made for the purpose of 
enhancing the UEWS results for ±55⁰ glass fibre reinforced pipes. The acoustic 
emission tests were implemented under three different loading modes, pure 
hydrostatic pressure, pure axial and pure hoop loading. Furthermore, modelling 
results showing stress-strain relationships, elastic modulus degradation due to 
increasing matrix crack density, and failure envelopes are discussed in this chapter.      
6.1 Acoustic emission (AE) observation 
The main purpose of implementing acoustic emission examinations was to devise a 
methodology for assessing the detected damage development in the GRE pipes 
during the UEWS tests. The AE technique is used extensively in monitoring damage 
evolution in composite materials and has been accepted as a quality control tool for 
composite structures. This is because AE has the ability of providing reliable 
information of damage initiation and accumulation.  
Most failures encountered in test samples involved either transverse or shear stress, 
because the strength of the laminate in the direction of fibres is relatively high. The, 
UEWS tests were implemented in the presence of AE equipment under three 
different conditions. These were:   
Pure axial loading 1:0 (mode II), giving a negative transverse to shear ratio.  
Pure internal pressure 2:1 biaxial loading (mode I) with a high transverse to shear 
ratio. 
Pure hoop loading 0:1 (mode IV) giving a relatively low shear to transverse ratio.  
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Two sensors were attached on opposite positions one-third of the pipe length from 
each end. Both channels were supplied with high pass filters of 100 KHz, and the 
amplifiers were set with a 40dB threshold level. In this investigation the classical 
parameters of acoustic emission were plotted, which are: 
 AE counts vs. time and wall stress. 
 AE absolute energy vs. time vs. wall stress. 
 AE signal amplitude vs. time for each sensor. 
 AE absolute dB vs. position vs. channel. 
 AE duration vs. amplitude. 
 AE events vs. time 
6.1.1 AE results of GRE pipes under pure internal pressure 
In this test the pipe ends were both sealed with steel end caps which were not 
constrained from movement resulting in the hoop stress being twice the axial stress. 
The pressure was gradually increased up to the cycling test pressure (CTP1), was 
held there for one minute and then released for another minute. This was repeated ten 
times and then the cycle test pressure was increased to the level of the subsequent 
cycle group, as explained in chapter three. The distinction between cycle groups was 
manually marked in order to analyse independently the AE signals for each group.  
Figure 6.1 illustrates the AE counts as a function of both time (seconds) and pipe 
wall stress in MPa. The loading was halted at a stress level of 223MPa, when 
intensive leakage made it difficult for any further increase in pressure to be applied. 
The amplifier sensitivity was set at 40dB, and therefore any AE signals lower than 
40dB were filtered out.  
AE events started at quite an early stage of loading, suggesting that matrix 
microcracking took place as a result of the stress being increasingly taken up by the 
fibre reinforcement. These events increased up to the corresponding wall stress of 
74MPa and then stabilized with negligible subsequent increase of AE event rate 
detected, indicating that a constant rate of damage occurred up to the eighth cycle at 
a wall stress of 149MPa. At this stress level progressive development and a sudden 
increase in acoustic events were noted. It is likely that, as load increases transverse 
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cracking and delamination have initiated. After that there were only slight decreases 
in AE events during crack propagation compared to those generated due to their 
initiation. At a wall stress of 204MPa an increase in acoustic events indicated that 
debonding was occurring opening a pathway for liquid to weep. 
This is also clearly noted in figure 6.2 when cumulative energy is plotted against 
time and wall stress (MPa). A noticeable release of energy was observed starting at 
74MPa, the “first knee” due to matrix microcracks, whereas a significant release 
being initiated at the eighth cycle group (149MPa), the “second knee”. At this stress 
level a massive amounts of energy continued to be released due to increases in crack 
length and number parallel with delamination. At 204MPa the “third knee” indicates 
debonding occurred and makes pathway for water to weep.   
 
 
Figure 79 AE counts vs. time and hoop stress for±55⁰ GRE pipes under 2:1 stress ratio 
Figure 6.1. AE counts vs. time and hoop stress, for ±55⁰ GRE pipes under 2:1 stress 
ratio. 
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Figure 80 AE energy release rate vs. time and wall stress for ±55⁰ GRE pipes under 2:1 stress ratio 
Figure 6.2. AE cumulative energy release rate vs. time and wall stress, for ±55⁰ GRE 
pipes under 2:1 stress ratio. 
 
Figure 6.3(a) suggests that the failure is taking place closer to channel 2 probe. Most 
of the acoustic emission was low duration events between 40db and 80db amplitude 
(zone 1 in Figure 6.3(b)). Such behaviour is normally associated with matrix 
cracking and indicates that matrix cracking was taking place throughout the test.  
There are also three other distinct zones of events evident. Zones 2 and 3 are 
intermediate and high duration events with amplitude between 50db and 80db. High 
duration events are normally associated with friction and therefore could arise from 
fibre pull-out. Intermediate duration events could be attributed to delamination. Zone 
4 is characterised by high amplitude low duration events which is associated with 
debonding and the possible of presence of fibre fracture.   
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(a) 
 
 
Figure 81 AE absolute dB versus position of channel and AE duration versus amplitude for ±55⁰ GRE pipes 
(b) 
Figure 6.3. AE absolute dB versus position of channels 1and 2 (a), and AE duration 
versus amplitude dB (b) for ±55⁰ GRE pipes under 2:1 stress ratio. 
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Figure 6.4 is a record of the AE amplitude vs time, from both channels, for the pipe 
sample tested to failure. The plot shows that up to 130MPa there is a low amplitude 
activity associated with matrix cracking. There is also a small burst of activity at 
around 74MPa of events with amplitude between 60db and 70db that could be 
attributed to matrix microcracking. Above 130MPa there is a higher amount of AE 
activity and a distinct band of events is recorded between 70db and 90db amplitude. 
This suggests that a second failure mechanism is developing, in addition to matrix 
cracking, which seems to involve delamination and debonding. There are some 
events of high amplitude (100db) that are normally associated with fibre fracture. 
Undoubtedly some fibre fracture is taking place but this is very limited. The latter 
statement is supported by the fact that the failure of the pipe took place be weepage 
and not bursting which would have involved substantial fibre failures. 
More events noted in figure 6.5 from the tenth cycle group up to weepage indicated 
that significant debonding in the fibre/matrix interface took place. This debonding 
occurred alongside rapid transverse cracking in the later stages of loading, eventually 
resulting in weepage.   
 
 
Figure 82 AE amplitude vs. time for the ±55⁰ GRE pipe under 2:1 stress ratio 
Figure 6.4. Signal amplitude vs. time for the ±55⁰ GRE pipe under 2:1 hoop to axial 
stress ratio. 
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Figure 83 AE events vs. time for the ±55⁰ GRE pipe under 2:1 hoop to axial stress ratio 
Figure 6.5. AE events vs. time for the ±55⁰ GRE pipe under 2:1 hoop to axial stress 
ratio. 
6.1.2 AE results for GRE pipes under pure axial loading 
In this test the amplifier was set with a 20dB threshold in order to increase the 
sensitivity of the AE signal detection. Figure 6.6 shows the AE signal counts versus 
time for the ±55⁰ GRE pipe under pure axial loading. The counts are also represented 
as a function of cycle groups and axial stress. AE events appeared from the first load 
condition from stress release up to 35MPa. Steady damage growth then occurred 
afterwards indicates matrix microcracks are growth with about constant rate up to 
about 52MPa where a noticeable increment in the AE events was recorded. This was 
found to be compatible with the UEWS level and indicates the presence of 
delamination. A massive increase then occurred in the final stage of loading due to 
debonding and intensive fibre fracture. As discussed in chapter five, massive 
debonding is followed by macro helical cracks in pipes under pure axial loading.    
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Figure 84 AE counts vs. time and hoop stress for±55⁰ GRE pipes under pure axial loading 
Figure 6.6. AE counts vs. time and axial stress, for ±55⁰ GRE pipes under pure axial 
loading. 
 
Figure 6.7 shows the cumulative absolute energy released as a function of time and 
wall stress. It can be clearly noted that the first recognisable release of energy was at 
the load corresponding to 35MPa. This can also be clearly seen in figure 6.8, when 
there is more AE activity between 50-80dB from the fourth cycle onwards. At stress 
level of 52MPa delamination may occurred with AE amplitude between 70 to 90dB, 
and then debonding took place for short time and eventually caused fibre fracture.  
Based on all these results, it seems that pipe failure might be associated with matrix 
microcracking, delamination and then debonding followed by fibre breakage. Matrix 
microcracing first appeared to cause energy release increments from the fourth cycle 
group at (35MPa). Then the “first knee” occurred due to delamination at the sixth 
cycle, corresponding to the UEWS at 52MPa.  
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Figure 85 AE energy release rate vs. time and wall stress for ±55⁰ GRE pipes under pure axial loading 
Figure 6.7. AE energy release rate vs. time and hoop stress, for ±55⁰ GRE pipes 
under pure axial ratio. 
 
 
Figure 86AE amplitude vs. time for the ±55⁰ GRE pipe under pure axial loading 
Figure 6.8. Shows the signal amplitude vs. time for the ±55⁰ GRE pipe under pure 
axial loading. 
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Figure 6.9 shows the AE absolute dB versus position for each channel (a), and AE 
duration versus amplitude dB (b). Figure 6.9 (a) suggests that the failure is taking 
place closer to channel 2 probe. Acoustic emission with low duration events between 
40db and 80db amplitude (zone 1 in Figure 6.9(b)) was due to matrix cracking. 
Zones 2 and 3 are intermediate and high duration events with amplitude between 
50db and 90db due to delamination and debonding respectively.  
 
(a) 
 
Figure 87 AE absolute dB versus position of channel and AE duration versus amplitude for ±55⁰ GRE pipes 
under pure axial loading 
(b) 
Figure 6.9. AE absolute dB versus position of channel 1and 2(a), AE duration versus 
amplitude dB (b) for ±55⁰ GRE pipes under pure axial loading. 
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Zone 4 is characterised by high amplitude low duration events which is associated 
with fibre fracture in short period of time. 
Figure 6.10 shows more events occurred in the region where matrix cracks initiated 
and propagated and then fewer events were noted in the delamination, debonding and 
fibre fracture stages to indicate that the latter three sequences occurred in short 
period.   
 
 
Figure 88 AE events vs. time for the ±55⁰ GRE pipe under pure axial loading 
Figure 6.10. AE events vs. time for the ±55⁰ GRE pipe under pure axial loading. 
6.1.3 AE results for GRE pipes under pure hoop loading 
A standard arrangement was prepared to conduct the UEWS test under pure hoop 
loading as mentioned in chapter 2. The AE equipment was attached to the pipe wall 
and AE signals were recorded for damage evaluation. The pipe failed at a hoop stress 
of about 300MPa due to buckling, which caused a stress concentration near to the 
end fitting. With the first cycle loading the hoop stress was 36MPa and shear stress 
generated along fibres.  According to Puck‟s theory [115], the shear stress at this 
point would be about 20MPa, which is quite far away from the critical value of 
60MPa to cause delamination; whereas transverse stress was only 10MPa which is 
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also below the critical transverse stress. As a result final failure was associated with 
the interaction between these stresses and was dominated by shear. 
Figure 6.11 shows the AE signal counts versus time and wall stress for ±55⁰ GRE 
pipes. AE signals started from the beginning with a random distribution, which 
indicates that energy was released possibly due to matrix deformation. These events 
appeared from the first loading and continued up to the level when buckling started 
to affect the bonding media.  At this point the “first knee” was recognised in the 
absolute energy released, as demonstrated in figure 6.12. The cumulative energy then 
smoothly increased due to delamination and debonding at amplitudes between 50-
100dB as shown in figure 6.13. 
This clearly indicates that final failure was not associated with the same sequence of 
damage as in the cases of 2:1 biaxial loading and pure axial loading. Here complete 
debonding occurred at a wall stress of 250MPa and then continued until the pipe 
suddenly burs near to the end fittings. 
 
 
Figure 89 AE counts vs. time and hoop stress for±55⁰ GRE pipes under pure hoop loading 
Figure 6.11. AE counts vs. time and axial stress, for ±55⁰ GRE pipes under pure 
hoop loading. 
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Figure 90 AE energy release rate vs. time and wall stress for ±55⁰ GRE pipes under pure hoop loading 
Figure 6.12. AE energy release rate vs. time and hoop stress, for ±55⁰ GRE pipes 
under pure hoop ratio. 
 
 
Figure 91AE amplitude vs. time for the ±55⁰ GRE pipe under pure hoop loading 
Figure 6.13. AE signal amplitude vs. time for the ±55⁰ GRE pipe under pure hoop 
loading. 
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Buckling was followed by the audible sound of fibre fracture at the outer surface, 
particularly in areas where there was a greater stress concentration corresponding to 
wall stress of 250MPa. At this point the counts recorded their highest values during 
the test, exceeding 8000 counts, and then debonding continued smoothly due to 
fatigue loading which produced crumbling in the resin. Subsequently, fibres in 
deeper layers failed at low loads, giving rise to low amplitude AE events, and this 
continued until liquid found a pathway to leak through the local crack.    
Figure 6.14 shows the AE amplitude versus position for each channel (a), and the AE 
duration versus amplitude dB (b). Figure 6.14 (a) appeared to show that the failure is 
taking place closer to channel 1 probe.  Acoustic emission with low duration events 
between 40db and 60dB amplitude (zone 1 in Figure 6.14(b)) was likely due to 
matrix deformation. Zone 2 has acoustic emission duration events between 60dB and 
100dB due to delamination and local debonding in the area where stresses were 
grater concentrated. High duration in zone 3 was possibly due to bursting and fibre 
fracture. 
In figure 6.15, more events were recorded at a hoop stress of 250MPa due to 
debonding in the outer surface of the pipe, and then less activity appeared as the test 
progressed. At a hoop stress of 286MPa further events occurred due to fibre breakage 
as a result of high strain in the outer surface of the pipe. 
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(a) 
 
Figure 92 AE absolute dB versus position of channel and AE duration versus amplitude for ±55⁰ GRE pipes 
under pure hoop 
(b) 
Figure 6.14. AE absolute dB versus position of channel 1and 2(a), AE duration 
versus amplitude dB (b) for ±55⁰ GRE pipes under pure hoop loading. 
1 
2 
3 
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Figure 93 AE events vs. time for the ±55⁰ GRE pipe under pure hoop loading 
Figure 6.15. AE events vs. time for the ±55⁰ GRE pipe under pure hoop loading. 
 
6.2 Modelling results 
6.2.1 Prediction of pipe elastic modulus 
The axial and hoop modulus of the pipe can be estimated from the combination of 
fibre and matrix properties. The implementation of equations 4.3-4.20 (chapter 4) in 
Excel based on the initial values of fibre and matrix modulus was the way to work 
out value of each modulus. The following describe the fibre and epoxy constants that 
used to produce ±55⁰ filament wound composite pipes. These were taken from FPI, 
Wavistrong engineering guide. 
 


55,4.0,2.0
,59.0,6.3,72
 mf
fmf VGPaEGPaE
 
Therefore, the elastic modulus in the fibre and transverse direction are calculated to 
be: 
             
144 
 
           
           
           
              
The hoop and elastic modulus are then determined from transformation matrix, 
which gives: 
             
           
           
           
The results were then fitted with variable winding angles in order to represent their 
effects on the pipe properties in the axial and hoop directions. A decline in axial 
elastic modulus and an increase in hoop elastic modulus can be clearly observed 
when the winding angle deviates from 0º to 90º. Figure 6.16 shows the changes in 
both the axial and hoop elastic modulus with winding angle .  
 
Figure 94 Axial and hoop elastic modulus function in winding angle 
Figure 6.16. The effect of winding angle on axial and hoop elastic modulus. 
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From this graph it can also be noted that the values of elastic modulus in both 
directions have the same values at a winding angle of 45⁰.   
6.2.2 The UEWS test based on Miner’s law sum 
Figure 6.17 shows the accumulation of the Miner‟s Law sum during the UEWS test.  
A comparison of the two terms in equation 4.25 (chapter 4) shows that the cyclic 
effect greatly exceeds the contribution from static fatigue. Indeed the curve 
calculated for the cyclic element alone in this case overlaps the curve obtained when 
considering both effects. This conclusion is not surprising when it is borne in mind 
that the UEWS test takes only few hours to perform, while ASTM2992b takes more 
than a year.  This means that, if the UEWS was used for qualification purposes, 
supporting information would be needed about the equivalence between damage 
produced by cyclic or static fatigue. It is also important to note that the point at 
which the sum begins to differ significantly from zero, when it exceeds 1%, say, 
corresponds closely to the UEWS measured previously.  It can therefore be argued 
that the UEWS test is, in effect, a confirmation of the damage growth characteristics 
of GRE by means of a cyclic test. 
 
Figure 95 Miner’s Law sum at each hoop stress level in UEWS test 
Figure 6.17. Miner’s Law sum at each hoop stress level in UEWS test. 
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6.2.3 Effects of crack density on pipe properties 
Some results are shown in figure 6.18, with the model results normalised by dividing 
each elastic constant by its initial non-cracked value.  It can be seen that the axial 
Young‟s modulus declines most rapidly with increasing crack density, while the 
hoop modulus declines just a little less.  The in-plane shear modulus, which might be 
expected to be less influenced by the presence of cracks, declines less, while the 
Poisson‟s ratio varies only a little.  Weepage probably occurs at a relatively low 
crack density value in pipe laminates, compared with the maximum possible level, in 
the range 0.3-0.5. The numerical model for the data in figure 6.19 suggests that crack 
density is less than about 0.4, where both quantities can be described by linear 
approximations as in equations 4.32, 4.33 (chapter 4). 
 
The predicted crack density of 0.4 is less than those predicted by Tao and Sun (1996) 
[116], but agrees with those predicted by Saied (2004) [114]. The crack density is 
depends on the transverse stress in the ply. After initiation cracks then propagate in 
terms of crack size and number, when the transverse stress exceeds the resin strength. 
 
Figure 96 Dimensionless change in elastic constants vs. crack density 
Figure 6.18. Dimensionless change in elastic constants vs. crack density for an angle 
ply pipe laminate, calculated from the model of Gudmundson and Zhang. 
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This model works in cases where axial load dominated, since the failure was clearly 
due to mode I (weepage). Whereas in samples under hoop dominated loads no matrix 
microcracks were observed and the failure occurred as a result of delamination due to 
stress concentration near to the pipe end. In this case the observed negative strain in 
the axial direction tends to close the cracks rather than propagate them.  
 
Figure 97 Dimensionless change in ‘hydrostatic/axial modulus’ and ‘hydrostatic/ hoop modulus’ 
Figure 6.19.  Dimensionless change in ‘hydrostatic/axial modulus’ (hoop stress 
divided by axial strain) and ‘hydrostatic/ hoop modulus’ (hoop stress divided by 
hoop strain) with increasing crack density.  Calculated from the results of 
Gudmudson and Zhang for angle ply laminate. 
 
Figure 6.20 shows the dimensionless change in elastic modulus as the UEWS test 
progressed under the 2:1 stress ratio at 20⁰C.  A clear compatible between elastic 
modulus degradation and the UEWS was observed. Both axial and hoop elastic 
modulus declined from the original value and found compatible with the UEWS. 
This indicates that a serious damage of delamination started to initiate and propagate 
from this level, reaching the critical crack density to cause weepage at 220MPa. The 
graph also shows that the axial elastic modulus declines more than those in the hoop 
direction. At state of weepage the axial elastic modulus failed by 41% compared with 
virgin condition, whereas hoop elastic modulus has regression with only 17% from 
those in virgin condition. 
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Figure 98 Dimension less change in elastic modulus as the UEWS test progressed 
Figure 6.20.  Dimension less change in elastic modulus as the UEWS test progressed 
under 2:1 stress ratio at room temperature. 
 
6.2.4 Stress-strain behaviour 
The stress-strain curves were predicted from the Miner‟s Law sum by implementing 
equations 4.26-4.35 (chapter 4). The predicted 1
st
 and 10
th
 cycle curves are initially 
linear and then non-linear behaviour is exhibited up to final failure. The results 
shown in figures 6.21, 6.22 and 6.23 for a k value of 2.5 at 20⁰C, 65⁰C and 95⁰C 
indicate that the proposed model does indeed offer the possibility of modelling 
changes in elastic properties in terms of both crack growth and Miner‟s Law. This 
can be seen to agree well with the experimental results.  
  
0 
0.2 
0.4 
0.6 
0.8 
1 
1.2 
0 
0.0005 
0.001 
0.0015 
0.002 
0.0025 
0.003 
0.0035 
0 50 100 150 200 250 
A
x
ia
l 
S
tr
a
in
 
Hoop Stress 
10th Cycle 
1st Cycle 
Ea/Ea' 
Eh/Eh' 
Dimension less 
change in 
elastic 
149 
 
 
Figure 99 Miner’s Law-based simulation of strain response in UEWS test at room temperature 
Figure 6.21. Miner’s Law-based simulation of strain response in UEWS test at room 
temperature. 
 
Figure 100 Miner’s Law-based simulation of strain response in UEWS test at 65⁰C 
Figure 6.22. Miner’s Law-based simulation of strain response in UEWS test at 65⁰C. 
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Figure 101 Miner’s Law-based simulation of strain response in UEWS test at 95⁰C 
Figure 6.23. Miner’s Law-based simulation of strain response in UEWS test at 95⁰C. 
 
6.2.5 Modelling of the UEWS and failure envelopes 
Figures 6.24, 6.25 and 6.26 shows the „failure envelopes‟ produced by applying 
model A to the measured UEWS and failure data at different stress ratios and at room 
temperature, 65⁰C and 95⁰C respectively. These envelopes were modelled by the 
implementation of the empirical equation 4.36, which involves the interactions 
between    and   , and    with    . A good agreement with the experimental data 
was noted over the range of load and environmental conditions. 
The ratio of UEWS to failure stress has been determined in order to predict the 
UEWS envelope by scaling down the failure envelope. This ratio seems to be 
invariant for each stress condition. Table 6.1 listed UEWS points and failure stress 
levels as well as the UEWS to failure ratio at room temperature.  
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Table 6.1 listed UEWS points, failure stress levels and UEWS to failure ratio at room 
temperature 
Table 6 UEWS points, failure stress levels and UEWS to failure ratio 
Stress ratio UEWS Failure UEWS/Failure 
0:1 95 015 0.31 
4:1 060 001 0.39 
2:1 081 221 0.77 
1:1 75 59 0.75 
0.5:1 31 01 0.73 
1:0 52 22 0.7 
 
 
 
 
Figure 102 Modelling of UEWS and failure envelopes for GRE pipe, at 20ºC 
Figure 6.24.  Modelling of UEWS and failure envelopes for GRE pipe, at 20ºC, 
based on UEWS and the interactive stress criterion of equation 4.36. 
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Figure 103 Modelling of UEWS and failure envelopes for GRE pipe, at 65ºC 
Figure 6.25.  Modelling of UEWS and failure envelopes for GRE pipe, at 65ºC, 
based on UEWS and the interactive stress criterion of equation 4.36. 
 
 
Figure 104 Modelling of UEWS and failure envelopes for GRE pipe, at 95ºC 
Figure 6.26. Modelling of UEWS and failure envelopes for GRE pipe, at 95ºC, based 
on UEWS and the interactive stress criterion of equation 4.36. 
  
0 
20 
40 
60 
80 
100 
120 
140 
0 50 100 150 200 250 300 350 400 450 
A
xi
al
 S
tr
e
ss
 
Hoop Stress 
Failure 
results 
UEWS 
results 
0 
20 
40 
60 
80 
100 
120 
140 
0 50 100 150 200 250 300 350 400 
A
xi
al
 S
tr
e
ss
 
Hoop Stress 
Failure 
results 
UEWS 
results 
Poly. 
(Series6) 
Poly. 
(Series1) 
153 
 
Although UEWS tests were conducted by Hull (1978) [31] for ± 55⁰ GRP pipes 
using different material and technology, the results show good agreement with the 
current work in terms of ratios of UEWS to weepage stress. This ratio indeed reflects 
the extent of linearity in stress-strain relationships over the whole load history from 
zero up to final failure. This leads to the conclusion that the UEWS/failure stress 
ratios have approximately constant values for a given winding angle and stress ratio 
among pipes produced by filament wound processes.  
The modelled curve fitted well with the room temperature envelopes (figure 6.24). 
However, the modelled curves show slight mismatch with the experimental data at 
65⁰C and 95⁰C. This could be due to residual stresses from pipe manufacture and 
curing processes, which are not accounted for in this model.  The interaction and 
maximum strength values of fibre and resin are listed in table 6.2: 
Table 6.2.        values used in the modelled envelopes for the ±55⁰ GRE pipes. 
condition         
    
     
  
25⁰C 0.0001505 0.000175 1000 MPa 61.7 MPa 60 MPa 
65⁰C 0.0001147 0.000262 1000 MPa 61.7 MPa 60 MPa 
95⁰C 0.00008 0.000328 1000 MPa 61.7 MPa 60 MPa 
Table 7 K1,  K2 values used in the modelled envelopes for the ±55⁰ GRE pipes 
In model B the maximum stress criterion was used to predict the UEWS envelope by 
implementing equation 4.40. As mentioned in chapter 4, this criterion involves no 
interactions between the different modes, each of which is presented independently. 
Good agreement was found with the experimental data to fit the UEWS envelope, as 
illustrated in figure 6.27. The modelled envelope was divided into two curves. The 
lower curve corresponds to shear failure with hoop dominated load, and the upper 
curve is for where failure is governed by matrix cracking (axial dominated loading). 
Indeed the model fitted very well, with only a slightly deviation from the UEWS 
point at the 4:1 stress ratio. 
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Figure 105 Modelling of the UEWS envelope based on maximum stress criterion 
Figure 6.27 Modelling of the UEWS envelope based on maximum stress criterion
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7 CHAPTER 7  
CONCLUSIONS AND FUTURE WORK 
7.1 Conclusions 
Ultimate elastic wall stress tests have been conducted for the ±55⁰ glass/fiber 
reinforced pipes for the purpose of meeting industrial needs. These tests enable 
stress-strain relationships to be studied, elastic limit envelopes established and 
biaxial failure envelops defined under a variety of environmental conditions.  
 
All the stress-strain curves were initially linear up to the UEWS point and then 
significant non-linear behavior occurred up to final failure. The non-linearity was 
strongly enhanced by matrix cracking, shearing in the glass/fiber interface and the 
yielding of the resin. The ratios of UEWS to weepage stress indicate the percentage 
of linearity during the test history from zero up to failure. The current results give the 
highest linearity of 75% at a 2:1 hoop to axial stress ratio and found compatible with 
Natting interpretation, whereas the shortest linearity was under pure hoop loading at 
30%. Good agreement was achieved between the experimental and modeled results 
for the stress-strain curves. 
 
The 100s axial and hoop Young‟s moduli for the conditioned samples under a 2:1 
stress ratio were found. The hoop elastic modulus of the pipes tested showed a 
smooth reduction starting from 50% of UEWS condition and declining to 18% in the 
weeping condition. However, the axial elastic modulus has dramatically fell after the 
UEWS limit to be about 33% in the weeping condition. 
 
 The UEWS and failure envelopes were established for ±55⁰ GRE pipes showing the 
effects of testing at elevated temperatures. The general forms of the biaxial 
envelopes, as might be expected, show high strength over the full range from pure 
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axial to pure hoop loading. Failure strengths fell as the temperature increased in all 
cases. A noticeable fail was recognised where hoop loading dominated, whereas only 
small reduction in pipe strength occurred with axial dominated loading. 
Nevertheless, the UEWS levels failed in most cases except in the case of the 2:1 
stress ratio.  At this stress ratio the UEWS at 65⁰C and 95⁰C were 5% greater than 
those at room temperature. This is possibly due to the pipe‟s ductility at elevated 
temperatures or the possible presence of residual stresses after manufacturing and 
curing processes. Good agreement between the experimental and modeled results 
especially at room temperature. However, slight mismatch was observedbetween the 
results at 65⁰C and 95⁰C tests, again due to the possibility of the presence of residual 
stress. 
 
Four different failure modes were observed in the conducted tests. Weepage 
appeared as small droplets leaking through the pipe wall, and was frequently 
observed in pipes under hoop to axial stress ratios of 2:1, 0.5:1, and 1:1. Weepage 
generally occurs due to the presence of a network of transverse matrix cracks which 
form over time. Helical cracks are classified as mode II failure, and tend to occur 
along the pipe‟s circumference under pure axial loading. Mode III failure is termed 
local leakage, which occurs near to the pipe end due to the stress concentration 
generated from the restricted pipe ends. Finally, rupture is classified as mode IV, 
caused by fractures in the fibres and the complete destruction of the matrix. This type 
of fracture was noted near to the pipe end, where the stresses may have become 
concentrated. 
 
 Acoustic emission equipment was attached to the pipe wall during the UEWS tests 
in the cases of pure hydrostatic pressure loading and pure axial and hoop loading. 
The results showed agreement between the UEWS and the first detective damage 
obtained from the AE events and counts under pure axial loading at a wall stress of 
52MPa. However, with pure hydrostatic pressure loading, damage occurred slightly 
before the UEWS point (180MPa) at 150MPa. In these two modes the failure 
sequences were started with matrix microcracking for stress releasing and then 
delamination occurred at stress level asymptotic to the UEWS level. Debonding and 
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fiber breakage appeared close to the final failure. Pipes under pure hoop loading 
behave differently from those mentioned above. Matrix showed significant 
deformation with an absent of cracking, because the negative axial strain prevents 
any cracks to be developed. Delamination and debonding are then occurred as a 
result of high strain and eventually fractures in fibres and complete destruction of the 
matrix took place in particular areas where stress became concentrated. 
 
7.2 Future work 
In pure hoop loading and 4:1 biaxial loading, the pipes failed due to stress 
concentrations from buckling and end restrictions. There would be a need to modify 
the testing rig so as to measure the UEWS and failure points in these load conditions. 
This rig should be designed to eliminate the stress concentrations generated during 
the UEWS tests, by either using a smaller test rig or shorten the pipe sample to avoid 
buckling which causes rupture. 
 
Acoustic emission and ultrasonic tests need to be carried out along with the UEWS 
tests in order to detect the first damage and follow damage propagations. These tests 
would help to define stress levels where damages are started. 
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Appendix A: 
Engineering drawing of the small scale testing rig 
 
Cross section for the assembled  test rig. 
 
 
Cross section and front view for the adhesive end cap. 
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Cross section, side and front view for the rig piston. 
 
 
Side and front view for the rig shaft. 
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Appendix B: 
Engineering drawing of the mechanical fittings 
 
Mechanical fittings used to carry out the UEWS test at 95◦C 
 
 
Cross section for the assembled mechanical fitting 
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Cross section and front view for main Flange 
 
 
 
 
Cross section and front view for the Loose flange 
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Front , cross section and isometric view for the Tapered sleeve. 
 
Front , section and isometric view for the Segmented ring. 
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Appendix C: 
Engineering drawing of the pressure reducer 
 
Cross section for the assembled intensivefire. 
 
 
Cross section for the disassembled intensivefire. 
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Side and front view for the piston inside the intensifire. 
 
 
 
Cross section and front view for the intensifier cap. 
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Appendix D: 
Strain plots for the ±55⁰ GRE pipes under UEWS test 
 
The axial strain plot during the UEWS test under pure axial loading at 65⁰C. 
 
The axial strain plot during the UEWS test under pure axial loading at 95⁰C. 
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The axial strain plots during the UEWS test under a 0.5:1 hoop to axial stress ratio, at room temperature. 
 
The axial strain plots during the UEWS test under a 0.5:1 hoop to axial stress ratio, at 65⁰C. 
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The axial strain plots during the UEWS test under a 1:1 hoop to axial stress ratio, at room temperature. 
 
The axial strain plots during the UEWS test under a 1:1 hoop to axial stress ratio, at room temperature. 
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The axial strain plots during the UEWS test under a 2:1 hoop to axial stress ratio, at room temperature. 
 
The axial strain plots during the UEWS test under a 2:1 hoop to axial stress ratio, at 95⁰C. 
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The axial and hoop strain plots during the UEWS test under a 4:1 hoop to axial stress ratio, at 95⁰C. 
 
The axial and hoop strain plots during the UEWS test under a 4:1 hoop to axial stress ratio, at 65⁰C. 
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The axial and hoop strain plots during the UEWS test under pure hoop loading, at room temperature. 
 
The axial and hoop strain plots during the UEWS test under pure hoop loading, at 65⁰C. 
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